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Corrosion is a major problem in several industries. It has been increasing 
day by day. Both direct and indirect losses due to corrosion are large and will 
further increase with industrialization. It causes enormous losses all over the 
world. In India, the monetary losses due to corrosion have been estimated as 
high as Rs. 25,000 crores per year. 
The most important considerations in any industry today is the reduction in 
overall costs of the equipments as well as the cost in their production and 
maintenance. Among the available methods of preventing corrosion, the use of 
inhibitors is one of the most promising methods. Due to ease of application and 
cost effectiveness it has attracted a great deal of attention of corrosion scientists 
and engineers all over the world. Each inhibitor must be designed to the 
specific corrosion problem that needs solutions. 
Mild steel is one of the most important engineering metal|'^ which due to its 
A 
low cost and excellent mechanical properties^wT^is widely used in fabrication 
of reaction vessel, storage tanks etc. by industries. The mild steel is severely 
attacked in acid solutions. Mineral acids and organic acids are used in several 
ways as reactants, industrial acid cleaning and th^ many other industrial / 
chemical process. 
The research work described in the thesis deals with the study of gemini 
surfactants in IN HCl and IN H2SO4.^ind'«bme nitrogen and sulphur 
containing heterocyclic compounds in 20% formic acid and 20% acetic acid as 
corrosion inhibitors for mild steel. The techniques such as weight loss, 
potentiodynamic polarization and electrochemical impedance spectroscopy 
have been used in these studies on corrosion inhibition. 
The thesis comprises of three chapters. The first chapter presents a general 
introduction which highlights the economic and technological importance of 
corrosion. Theories of corrosion have also been described, which help in 
understanding the mechanism of the corrosion. Special attention has been 
given to explain the mode of action of inhibitors towards corrosion control. The 
accounts of various techniques used for investigating corrosion inhibitors have 
been discussed briefly. A survey of literature on corrosion inhibitors for mild 
steel in acid solutions has been given. The aims and objectives have also been 
mentioned. The description of inhibitor synthesis and details of experimental 
techniques such as weight loss, potentiodynamic polarization and 
electrochemical impedance spectroscopy used ip4hooo toohniqucs are-gfven-in 
chapteLSfiCond-
The third chapter describes the discussion of results obtained during these 
studies. The compounds of which inhibitive action has been studied are given 
in table. The inhibiting action has been discussed separately in the following 
sections: 
(i) Gemini surfactants as acid corrosion inhibitors 
(ii) Alkyl substituted triazoles as acid corrosion inhibitors 
(iii) Condensation products as acid corrosion inhibitors 
The results of these investigations revealed the fact that all of gemini 
surfactants except BEAB inhibit the mild steel corrosion in acid solutions. The 
maximum inhibition efficiency is achieved at 250 ppm in IN HCl and 500 ppm 
in IN H2SO4 at 30°C. 
Among the studied gemini surfactants, the HDEAB showed better 
inhibition efficiency. The higher inhijjjtive performance of HDEAB may be 
attributed to long alkyl chain than other gemini surfactants. The order of 
inhibition efficiency of gemini surfactants in HCl and H2SO4 was found to be 
as follows: 
HDEAB > DDEAB > HEAB > BEAB 
I l l 
The order of inhibition efficiency of alkyl substituted triazoles in both 20% 
formic acid and 20% acetic acid solutions at a common concentration of 500 
ppm was found to as follows: 
ABMT > APMT > AEMT > AMMT 
The difference in inhibition efficiency of these compounds can be explained 
in terms of alkyl chain length. ABMT exhibited highest inhibition efficiency 
due to long alkyl chain. 
Among the condensation products investigated in the present study, CIMPT 
has been found to give the best performance as corrosion inhibitor. This can be 
explained on the basis of the presence of an additional -C=C- bond in 
conjugation with azomethine (-C=N-) group. The extensively delocalised Ji-
eiectrons favour its greater adsorption on the metal surface thereby giving very 
high inhibition efficiency (>99%) at a concentration as low as 300 ppm. 
The effect of inhibitor concentration, solution temperature and immersion 
time on inhibition efficiency of all the investigated compounds has also been 
studied. The following conclusions have been drawn: 
(i) Inhibition efficiency of all the compounds increases with increase in 
inhibitor concentration. 
(ii) The inhibition efficiency of alkyl substituted triazoles and 
condensation products decreases on increasing the temperature from 
30-50°C, whereas inhibition efficiency of gemini surfactants does 
not cause any significant change on increasing the temperature. 
(iii) The inhibition efficiency of all the compounds decreases on 
increasing the immersion time. 
IV 
(iv) Alkyl substituted triazoles and condensation products exhibit 
maximum inhibition efficiency in 20% formic acid and 20% acetic 
acid. The inhibition efficiency of gemini surfactants does not show 
any significant change on increasing the acid concentration from IN 
to 3N. 
The Ea values for all the inhibited system except DIHMT, VIHMT, 
CIHMT and BIHMT in 20% acetic acid were found to be higher than the 
uninhibited system. The higher value of E, in presence of inhibitors than the 
uninhibited systems showed that inhibitors are effective at lower 
temperatures and inhibition efficiency decreased with increase in 
temperature. 
The value of free energy of adsorption (AGads) for all the compounds at 
different temperatures were also calculated. The low and negative values of 
AGads indicated the spontaneous adsorption of inhibitors on the surface of 
mild steel. 
The adsorption behaviour of all the organic inhibitors on the mild steel 
surfaces was evaluated by fitting the various data obtained from weight loss 
study to various adsorption isotherms. All the inhibitors obeyed Langmuir 
adsorption isotherms. 
The potentiodynamic polarization studies were carried out at room 
temperature. The polarization behaviour of different series of compounds 
were found to be of mixed type inhibitors. 
Selected compounds were studied through ac impedance technique in 
IN HCl and 20% formic acid. The values of R^and Cai were evaluated from 
Nyquist and Bode plots respectively. All the studied compounds showed 
increased Rt values and decreased Cdi values in acid solution. 
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Corrosion is defined . deterioration of material due to unavoidable 
reaction with the environment [IJ. Corrosion embraces the possibilities of 
damage of both, the material and the environment to which it is exposed. The 
definition of corrosion adopted by lUPAC covers all kinds of non - metallic 
materials such as wood, plastic, concrete, ceramics, glass etc. along with metals 
and alloys. According to this concept, "Corrosion is an irreversible interfacial 
reaction of a material or iFf dissolution of the material of a component of the 
envirormient" [2]. It is an undesirable as well as undeliberate process. Trends in 
corrosion research changed rapidly over the years. In the fifties, polarization 
studies and their application had been the topic of interest [3-4]. In the 
seventies corrosion research was concentrated on the mechanistic studies on 
metal dissolution, localized corrosion and high temperature corrosion [5-11]. In 
recent years corrosion research has been diversified into several newer fields. 
Optical techniques have revolutionized the field. Surface analytical techniques 
play a major role since, they give more insight into the understanding of the 
nature and influence of surface oxides on the corrosion of metals and alloys. 
These techniques are helpftil to characterize the thickness, the structure and the 
composition of films. Computers [12-13] and microprocessors [14] find 
application in analyzing the corrosion data. 
Corrosion engineering is the science and art to prevent or control 
corrosion economically and safely. The ultimate objective of all these 
investigations is to minimize corrosion failure. 
1.1 ECONOMIC IMPORTANCE OF CORROSION 
Corrosion poses a very serious problem to industries affecting both ^  "?< 
the cost and the productivity. The corrosion problem with all its facets is very 
much linked with the chronological developments of the process technologies. 
It is expected that 25% part of the total production of metals and alloys go 
waste due to corrosion. According to the available data, about 10% of world 
annual out put is completely lost due to destructive action of corrosion. 
According to NACE (International) bulletin [15] the annual losses due 
to corrosion in USA were estimated to be more than $200 billion. In India the 
armual losses due to the impact of corrosion has increased to more than 
25,000/- crores per year [16]. 
Thus, from national economic point of view, it is necessary for scientists 
and engineers to adopt various ways and means to reduce the loss due to 
corrosion. With technological and industrial growth, the use of metals and their 
alloys is increasing very rapidly and any step in the direction of understanding 
the nature of corrosion, its mechanism and the way to control it would be of 
great help to nation's economy. 
1.2 CLASSIFICATION OF CORROSION 
Corrosion has been classified in many different ways as low temperature 
and high temperature corrosion, direct oxidation and electrochemical corrosion 
etc. 
A general scheme for the classification of corrosion processes is 
presented separately in the form of a Table - 1 . 1 . Various important form of 
corrosion with definition and examples are summarized in Table - 1.2. 
In the present work we are concerned with mainly "Hydrogen evolution 
type" immersed corrosion. Since the mechanism of under water corrosion is 
generally electrochemical in nature, we have to consider the corrosion process 
as being made up of anodic and cathodic components. 
A simple voltaic cell ideally represents the "Hydrogen evolution type" 
of corrosion in which conosion is a function of the amount of hydrogen 
evolved; the cathodic reaction may be represented as : 
Table 1.1 Classification of Corrosion Processes 
Electrochemical Corrosion 
i 
Corrosion 
i 
Chemica Corrosion 
r 
Room Temperature Corrosion 1 
Elevated Temperature Corrosion 
] 
Uniform Corrosion 
- Atmospheric Corrosion 
- Corrosion by mineral acids 
Localized Corrosion High Temp. 
Oxidation 
Fused Salt Coirosion 
Chemical Factors 
Initiated in the 
Metal 
Initiated in the 
Environment 
• Intergranular Corrosion 
• Piling Corrosion 
• Exfoliation 
• Dealloying 
(a) Dezincification 
(b) Graphitization 
- Galvanic Corrosion 
- Crevice Corrosion 
- Filiform Corrosion 
- Water Line Attack 
- Metal Ion Concentration 
Cell Corrosion 
- Soil Corrosion 
Conjoint Action of 
Chemical and Mechanical Factors 
Mechanical 
Process in the 
Metal 
- Stress Corrosion 
Cracking 
- Hydrogen 
Embrittlement. 
- Corrosion Fatigue 
Mechanical 
Action of the 
Environment 
-Erosion 
Corrosion 
- Cavitation 
Corrosion 
Mechanical 
Action of 
Solid Body 
on the Metal 
1 
• Fretting 
Corrosion 
Table 1.2 Various important forms of corrosion with examples 
S. 
No. 
Corrosion Definition Examples 
1. 
3. 
10. 
11. 
Dry corrosion 
Wet corrosion 
Uniform 
corrosion 
Pitting 
corrosion 
Crevice 
corrosion 
Galvanic 
corrosion 
Integranular 
corrosion 
Stress 
corrosion 
cracking 
High 
temperature 
oxidation 
Erosion 
corrosion 
Corrosion 
fatigue 
Involving chemical reaction 
with non-electrolytic gas or 
liquid. 
Corrosion in contacts with 
electrolyte such as aqueous 
solution of salt, alkali and acid. 
Uniform attack of 
electrochemical or chemical 
reaction over the entire 
surface. 
Localized attack in the form of 
pit. 
Intense localized corrosion in 
shallow holes. 
Dissimilar metals immersed in 
a corrosive media and 
connected electrically 
Corrosion occurring in the 
vicinity of grain boundaries. 
Cracking caused by 
simultaneous presence of 
tension stress and particular 
corrosion medium. 
Oxidation reaction with the 
products of fuel combustion. 
Acceleration of corrosion 
because of relative movement 
between corrosive fluid and 
the metal. 
Combined action of corrosive 
medium and variable stresses. 
Corrosion of steel with 
SO2, CO2, O2 etc. 
Corrosion of steel in sea 
water, acids and alkalis. 
Steel immersed in dilute 
sulphuric acid. 
Stainless steel, aluminum 
alloys, copper alloys, and 
nickel alloys immersed in 
chloride solution. 
The crevices under bold 
and rivet heads. 
Zinc and iron in salt 
solution. 
Weldments of stainless 
steel 
Season cracking of brass 
and caustic embrittlement 
of steel. 
Corrosion of steel with 
combustion products such 
as CO2, SO2, O2, etc. 
Corrosion in pumping 
equipment, corrosion in the 
area between bearings and 
shafts. 
Heat exchanger tubes of 
chemical equipments. 
2H^ + 2 e " — • 2 H — • H2 
Hydrogen evolution corrosion is normally associated with acid electrolytes. 
1.3 FACTORS INFLUENCING CORROSION 
Except* for the noble metals, such as gold, metals occur in the earth's 
crust as certain stable compounds, usually oxides, hydrated oxides or sulphides, 
sometimes basic sulphates, basic chloride or carbonates, etc. In reducing the 
"ore" to metallic state, energy must be exp|&ided to overcome the affinity 
between the metal and non - metal. The metal thus produced, represents an 
energy rich state and if, as usually happens in service, it is exposed to oxygen 
and/or water, or to sulphur compounds, etc., they return to the lower energy 
state in which they originally occurred in the earth through the reactions 
involving drop of free energy i.e. an operation which will occur spontaneously. 
Factors like structural features of the metal, nature of the environment 
and the type of reaction that occurs at metal - environment interface, must be 
considered for the understanding of corrosion phenomenon. 
The important factors which may influence the corrosion process are (i) 
nature of the metal, (ii) nature of the environment, (iii) electrode potential, (iv) 
temperature, (v) solution concentration, (vi) aeration, (vii) agitation, (viii) pH 
of the solution, (ix) nature of corrosion products and, (x) hydrogen over 
potential. 
Generally high temperatures (more than 1000°C) produce more intense 
corrosion. 
1.4 THEORIES OF CORROSION 
The first paper to explain the mechanism of corrosion was put forward 
by Wallaston [17], in/^oT) In 1903, Whitney [18] and Cushman [19] in 1907 
proposed the electrochemical theory of corrosion, separately. Various other 
theories viz. carbonic acid theory given by Calvert [20] in 1871 and Moddy 
[21] in 1906, direct chemical attack theory [22], colloidal theory [23], 
biological theory [24] etc. have been proposed from time to time. These 
theories do not explain the general corrosion behaviour of all the metals in a 
wide variety of environments. The electrochemical theory of corrosion is the 
only theory which is universally accepted and is applicable to the most of the 
corrosion. 
1.4.1 ELECTROCHEMICAL THEORY OF CORROSION 
The corrosion is caused by local galvanic elements which arise on the 
surface of the corroding metal as a result of its chemical or structural 
heterogeneities. This is the founding principle of the electrochemical theory of 
corrosion [25]. In view of this theory, the surface of a corroding metal is 
regarded as a complex multielectrode system with the rate and distribution of 
corrosion processes occurring on it being determined by the electrochemical 
characteristics and the resistance between them. 
Most of the corrosion reaction can be separated into two or more, partial 
reactions which can be further divided into two classes, oxidation and 
reduction. An oxidation is indicated by production of electrons as given below: 
M : ^ : ^ M^ + e" (1) 
This reaction constitutes the basic of corrosion of metals. In a similar 
fashion, a reduction reaction is indicated by the consumption of electrons. For 
every oxidation reaction there must be a corresponding reduction reaction. In 
aqueous solutions, various reduction reactions are possible depending upon the 
system. Some examples of reduction reactions are : 
Hydrogen evolution : 2VC + 2e" !• H2 (in acidic system) (2) 
Oxygen reduction : O2 + 4H'^  + 4e" P- 2H2O (in acidic system) (3) 
O2 + 2H2O+ 4e"—• 40H" (in neutral and/alkaline 
solution) (4) 
Metal ion reduction: ivr" + e" — • IvT^ "''^  (5) 
Metal deposition: M""" + ne" • M (6) 
Oxidation reactions are known as anodic reactions while reduction 
reactions as cathodic. During the corrosion more than one anodic and more 
than one cathodic reactions may occur. Oxidation - reduction (redox) reactions 
can be understood by the example of corrosion of mild ste^ in sulphuric acid 
contaminated by ferric ions. Anodic reaction will occur^ as below: 
M x:—^ M"^  + ne" (6a) 
All the component elements of mild steel (e.g. Fe, Mn, etc.) go into the 
solution as their respective ions. The electrons produced by these anodic 
(oxidation) reactions will be consumed by the cathodic (reduction) reactions. In 
this case, reaction (5) can be represented as below: 
Fe^" + e- • Fe'" (7) 
Removing one of the available cathodic reactions e.g. reaction (7) by removal 
of the Fe''"^  ions will reduce the corrosion rate. 
When a metal or alloy is immersed in a corrosive environment 
(conductive) different potential zones are developed on the surface of metal or 
alloy due to the presence of different metallic phases, grain boundaries, 
segregates, crystalline imperfections, impurities etc. This difference in potential 
leads to the formation of anodic and cathodic areas on the metallic surface 
where oxidation and reduction reactions occur, respectively. These areas result 
in the formation of local action cells on the metallic surface. Local action cell 
also can be formed where there are variations in the environment or in 
G 
temperature. The electrode potential is calculated from the Nernst equation: -/-^ 
A 
E = Eo+ ^ I n ^ ^ (8) 
zF (red) 
where 
Eo = Standard electrode potential 
R = Gas constant (1.98 cal/gm. equivalent) 
F = Faraday constant (96,500 coulombs/gm. equivalent) 
T = Absolute temperature 
z = Number of the electrons transferred in the reaction 
(ox) = Concentration of oxidized species (mo 1/1) 
(red) = Concentration of reduced species (mo 1/1) 
1.4.2 THERMODYNAMIC PRINCIPLES OF CORROSION 
In most of the cases, metals represent the state of high energy. Therefore 
metals have a natural tendency to react with other substances and go back to 
lower energy state with subsequent release of energy. All metals show decrease 
in free energy by undergoing reaction with the environment, (except noble 
metals, which are found in native state in nature). Thermodynamic stability of 
chemical compounds is determined by the sign and the change in the free 
energy (AG), when they are formed from simple substances. 
Free energy is the thermodynamic property that express the resultant 
enthalpy of substance and its inherent probability. At constant temperature, free 
energy can be expressed as follows: 
AG = AH - TAS (9) 
where AG is the change in enthalpy, °AS is change in entropy and T is absolute 
- /• 
temperature. 
en the reaction pxt at equilibrium iJlpri: 
AG° = -RT InjICeq) (10) 
where AG° is standard free energy, R is gas constant and Ke<^  is equilibrium 
constant. The potential of reaction is related to its free energy (AG) by: 
AG = -zFE (11) 
A negative value for the free energy corresponds to a spontaneous 
reaction, whereas a positive value of AG indicates that the reaction has no 
tendency to proceed. The change in free energy accompanying an 
electrochemical corrosion reaction can be calculated from a knowledge of the 
cell potential of^reaction. It is the redox potential by which one can predict 
whether a metal will corrode in a given environment or not. 
1.4.3 POTENTIAL-pH DIAGRAM 
Corrosion phenomenon has been generalized by means of potential - pH 
diagram. These are called Pourbaix diagrams [26] and are constructed using 
electrochemical calculations based on solubility data, equilibrium constants and 
the Nernst equation. These diagrams are quite useful as a^reference to 
determine the specific conditions and pH under which a metal will corrode, 
predicting the spontaneous directions of reactions, estimating the composition 
of corrosion products and in the prediction of the environmental changes, that 
would prevent or reduce the extent of corrosion attack. The potential - pH 
diagram for iron exposed to water has been shown in Figure 1.1. It is necessary 
to consider the following equilibria before drawing the potential diagram for 
iron: 
Fe -^  '^ Fe^ "^  + 2e" Corrosion reaction (12) 
Fe^ "^  ^  ^ Fe^ "^  + e" Oxidation reaction (13) 
Fe (0H)3 + 3H^ + e" ^ = ^ Fe^ ^ + 3H2O Precipitation reaction (14) 
Fe^ ^ + H2O ^ = ^ Fe (OH)^ ^ + H* Hydrolysis reaction (15) 
2Fe + 3H20 ^ = ^ FcjOj + etT + 6e' Corrosion reaction (16) 
Fe + 2H2O ^ = ^ HFeO'2 + 3H* + 2e' Corrosion reaction (17) 
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HFeO"2 + H2O 
Fe^ ^ + 20H-
Fe(0H)3 + e" Precipitation reaction (18) 
Fe(0H)2 Precipitation reaction (19) 
(C) 
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o 
Q. 
-0 .8 
-1 .2 
" — i > i > ' G e ^ , , , , 
-jyj.//v'e 
Fe(OH)i (d) 
- ^ ^ ^ ~ ^ ^ ° ^ ^ o o , , , , , ^ 
Fe 
' I ' I 
Fe(0H)2 
HFeOj 
I t I . I L _ 
0 2 ii 6 ^ 8 10 12 U 
pH 
Figure 1.1 Pourbaix diagram for Fe-H20 system at 25°C 
Reactions (12)^Jiff'(13) and (18) are independent of pH and are represented by 
straight horizontal lines; while reactions (14), (16) and (17) are dependent upon 
pH and potential and are represented by the En/pH plots by sloping lines. 
Reactions (15) and (19) which only depend on pH are represented by vertical 
lines. Oxygen is evolved above but not below (line "cd") in accord with the 
reaction: 
H2O • Y2O2 + 2Pf + 2e- (20) 
Hydrogen is evolved below but not above (line "ab") in accord with the 
reaction: 
H" '/2H2 - e" (21) 
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As can be seen in Figure 1.1 the redox potential of the hydrogen electrode (line 
"ab") lies above immunity region along all the pH scale. This means that Fe 
may be dissolved with evolution of hydrogen in aqueous solutions of all the pH 
values. In the pH interval (9.4 - 12.5), however a passivating layer of Fe(0H)2 
is formed (reaction 19). At higher pH values soluble hypoferrite can form 
within a restricted active potential range. At a higher redox potential in the 
corroding medium, the passivating layer consist of Fe(0H)3, or Fe203j!^ nH20 or 
Fe304 in different situations. Soluble ferrate (Fe04'^ ) can form in alkaline 
solutions at a very noble potential, but the stable field is not well defined. 
Though the potential - pH diagram is quite useful in showing at glance 
specific conditions of potential and pH under which the metal will corrode, 
there are several limitations regarding their use in practical corrosion problems. 
Since the data in potential - pH diagram are thermodynamic, they convey no 
information about the rate of reactions. 
1.5 CORROSION KINETICS 
Corrosion is an electrochemical process, which involves simultaneous 
oxidation of the metal, with accompanying reduction process of reducible 
species. Rates of corrosion reactions are determined by the kinetics of these 
reactions. 
1.5.1 ACTIVATION CONTROLLED REACTION 
The Butler - Volmer equation 
Electrode process are heterogeneous processes and the kinetics depends 
on an electrical variable characterizing the conditions at the interface, namely 
metal - solution potential. Since the reaction rate is proportional to current, 
current - potential dependence characterizes the kinetics of electrode processes. 
Electrochemical kinetics have been studied since the turn of century and the 
concept of ovei^ voltage (r\), (the difference between electrode potential E° when 
no current flows and E when current flows, i.e. (r| = E - E°) was introduced by 
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Nernst [27] and Caspar! [28]. The dependence of over - voltage on the current 
4 
density for hydrogen evolution reaction has been shown to be r| = a + b l o ^ y 
Tafel [29]. Butler [30] gave / kinetic^ treatment of the reversible electrode in 
which the concepts of the partial anodic and cathodic currents were clearly 
expressed and the current related to r\ through an exponential equation. Erdv 
Gruz and Volmer [31] deduced the relationship between current and potential 
for the reversible reaction under charge transfer control. Several references may 
be consulted for detailed discussion on the basis of electrode kinetics and 
mechanism [32-35]. 
The Butler - Volmer equation [30] for electrode kinetics of a single step 
reaction is: 
i = io(exp<«'^ 'i"^ '^-exp-<'-«>'^ '^ '^^ ^>) (22) 
For multielectron transfer reaction, the electrons can be transferred in a 
a 
single step or in multistep process. The Butler - Volmer equation becomes 
[35]: 
i = io (exp <«^ '^ 'i^ '^ '^ ' - exp -<'-«'=)'^ n/RT)) (23) 
where a^ and ttc are transfer coefficients of oxidation and reduction reaction^ 
which are given as: 
tta = V/y + yP (24) 
and ttc - (n-V)^.rP (25) 
where n is the total number of electrons transferred in overall reaction, (5 is the 
symmetry factor, r is the number of electrons transferred in the rate 
determining step (r.d.s.), y is the stoichiometric number, which is number of 
times the r.d.s. occur for the completion of overall reaction and V is the number 
of electrons transferred before the rate determining step. 
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1.5.2 DIFFUSION CONTROLLED REACTIONS 
In a charge transfer process, the transport of an electroactive species 
from the bulk to the metal/solution interface is a necessary step. If this transport 
is the controlling step, the reaction is said to be under diffusion control. 
The concentration overpotential for a diffusion controlled reaction is 
given by: 
RT , c^y 
. i t . r ) c = - ^ I n (26) 
where, 11 = limiting current density. 
L5.3 MIXED POTENTIAL CONTROLLED REACTIONS 
The concept of mixed potential controlled reactions is developed by 
Wagner and Traud [36]. As the term, implies, it is an irreversible non -
equilibrium potential formed by mixing the two electrode reactions coupled by 
a corrosion current. The mixed potential is called as "Corrosion Potential". 
L6 MECHANISM OF CORROSION OF METALS IN ACIDS 
The kinetics and mechanism of iron dissolution in acid media has been 
studied by Bonhoeffer and Heusler [37-38] and Bockris et al [39-41]. Heusler 
et al have measured the anodic and cathodic polarization curves under steady 
state and transient conditions at different pH values and Fe^ "^  concentration in 
the bulk solution. From the values of reaction order and Tafel slopes, they have 
proposed a catalytic reaction mechanism. Bockris [39-41] investigated the 
A 
kinetics of the Fe/Fe^ "^  electrode in acid solution using different iron samples. 
The kinetic data obtained, differs from those of Heusler. Therefore, they 
adopted a non - catalytic consecutive iron dissolution mechanism. Later, many 
other authors have reinvestigated the kinetics of the Fe/Fe^^ system under 
various experimental conditions but mainly two different sets of steady - state 
of kinetici data have been obtained by fitting either Heusler mechanism [42-
14 
43] or Bockris mechanism [44-45]. A comprehensive review of the 
experimental data has been published in 1982[46]. 
Therefore the mechanism of metal dissolution in acid media can be 
broadly divided into two types of reaction sequences by Bockris and Kelly, and 
Heusler mechanisntwhich are given below: 
1. M + H2O -^  MOHads + H^ + e' (27) 
MOHads — • MOlT + e" (28) 
MOlT + i r ^ ^ M^^  + HzO (29) 
2. M + H2O ^=::^ MOHads+ H^ + e' (30) 
MOHads+ M : ; ^ ^ M(MOH) (catalyst) (31) 
M(MOH) + OH' ^ = ^ MOH + MOHads + 2e" (32) 
MOH + H^ ^ = ^ M^+H20 (33) 
1.7 METHODS OF CONTROL AND PREVENTION OF 
CORROSION 
The need to use constructional materials safely, cost effectively and with 
due attention towards the complications arising from the corrosion, is a primary 
consideration in many industries. Corrosion and its control ) ^ a national 
problem and loss due to inadequate attention is quite alarming. From the view 
point of a nation's economy, it is necessary to adopt appropriate ways and 
means to reduce the losses due to corrosion. 
The methods of corrosion control are many and varied. Details of these 
various methods may be found in the extensive literature on corrosion control 
[47-49]. The general classification of corrosion control methods is given in 
Table-1.3. 
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1.8 PREVENTION OF CORROSION BY APPLICATION OF 
INHIBITORS 
1.8.1 DEFINITION OF INHIBITORS 
The definition of an inhibitor favoured by the NACE is "a substance 
which retards corrosion when added to an environment in small 
concentrations" [50] and the recent ISO definition of an inhibitor is "chemical 
substance which decreases the corrosion rate when present in the corrosion 
system at a suitable concentration without significantly changing the 
concentration of any other corrosive agent" [51]. Inhibitors may also be defined 
on electrochemical basis as substances that reduce the rates of either or both of 
partial anodic oxidation/cathodic reduction reaction. 
From 19"^  century onwards vegetable wastes, plant extracts [52] were 
used as inhibitors. Putilova et al [53] have reviewed metallic corrosion 
inhibitors. Reviews on organic inhibitors [54-56] and organic sulphur 
compounds [57] have been published. Several books have been published on 
this subject [58-59]. Besides the university of Ferrara, Italy, conducts a 
symposium on corrosion inhibition once in five years [60]. All the international 
seminars on corrosion discuss the developments and application of corrosion 
inhibitors [61-62]. Various books on corrosion, review the subject in a precise 
manner [63-64]. These show that the information on this subject is extensively 
available and also shows the importance of this topic. 
1.8.2 CLASSIFICATION OF INHIBITORS 
Inhibitors are classified in different ways. Depending on the 
environment, they are called acid inhibitors, neutral and alkaline inhibitors and 
vapour phase inhibitor. Depending on the mechanism of inhibition they are J^ifi-o 
classified as cathodic, anodic and mixed inhibitors. 
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Table 1.3 Methods of Corrosion Control 
Corrosion Control Methods 
Modification of Metal Modification of 
Environmental 
Change of Metal / 
Environmental Potential 
r 
iincatic 
Modification of 
Metal Composition 
(by alloying) 
Modification of 
Metal Surface 
Surface Alloying 
(Ion Implementation) 
Coatmg 
Cathodic 
Protection 
Anodic 
Protection 
Sacrificial 
Anodic 
Impressed 
Current 
Dearation 
Dehumidification 
Inhibitors 
Organic Metallic Inorganic Vapour Phase 
(Silicate Inhibitors 
Coating etc.) 
Acid 
Inhibitors i 
Neutral & 
Alkaline 
Inhibitors 
Organic 71 . 
Inorganic 
Electrodeposition 
(Zn, Cd, Ni, Cr etc.) Hot Dipping (Zn, Al. Sn) 
Diffusion 
Coating 
(Cr.Al) 
Alloying 
with Noble 
Metals 
Impressed 
Current 
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1.8.2.1 ACID INHIBITORS 
The inhibitors may be further classified into inorganic and organic 
inhibitors. 
(i) Inorganic inhibitors 
In strong acid solutions, Br', I' have found to be effective inhibitors [65]. 
The oxides like AS2O3, Sb203 have been reported as inhibitors in acid media. 
These substances get deposited [64] in the form of metal on iron and increase 
the hydrogen over - voltage and subsequently reduce the corrosion. Recently 
addition of heavy metal like Pb^*, Mn^*, Cd^^ is found to inhibit corrosion of 
iron in acids. This effect is explained as due to under potential deposition of 
metal ions leading to complete coverage on the iron surface [66]. 
(ii) Organic Inhibitors 
A variety of organic compounds have been studied as inhibitors. These 
compounds have an active functional group containing N, S or 0 atom. They 
include alcohols, amines, aldehydes, mercaptans, alkaloids, anisidines and 
sulphur compounds such as thiourea, etc. The study of a variety of organic 
compounds in relation to their different aspects of inhibition in different 
environment has been excellently reviewed by Sanyal [55]. 
An organic corrosion inhibitor can be anodic, cathodic or both 
depending on its reaction at the metal surface and how the potential of the 
metal^ is affected [67]. Generally cathodic inhibitors increase cathodic 
polarization and shift the corrosion potential to more negative values, and 
anodic inhibitors enhance anodic polarization and shift the corrosion potential 
to more positive values. 
The effectiveness of an organic inhibitor depends mainly on (i) Size 
(ii) Carbon chain length (iii) Bonding strength to metal surface (iv) Aromaticity 
and/or conjugated bonding (v) Nature and number of bonding atoms. 
18 
1.8.2.2 ALKALINE AND NEUTRAL INHIBITORS 
Alkaline and neutral inhibitors include cathodic inhibitors (which 
increase cathodic polarization), anodic inhibitors (which enhance the anodic 
polarization) and mixed or general inhibitors (which act on both cathodic and 
anodic areas). Anodic inhibitors form an oxide or some other insoluble film. 
Insufficient concentration of anodic inhibitors will lead to severe pitting. 
Sodium chromate is one of the most widely used and efficient inhibitors. 
Sodium silicate is generally used in hot water systems. The other compounds 
used in neutral and alkaline media are borates, molybdates and salts of organic 
acids benzoates and salicylates. 
1.8.2.3 VAPOUR PHASE INHIBITORS 
These inhibitors usually consist of aliphatic and cyclic amines and 
nitrites with X^high vapour pressure. These are also called volatile corrosion 
inhibitors. These are used in boilers to prevent corrosion in condenser tubes by 
neutralizing the acidic CO2. They are transported to the site of corrosion in a 
closed system by volatalisation from a source. Compounds of this type inhibit 
corrosion by making the environment alkaline. 
The prominent examples of vapour phase inhibitors are 
dicyclohexylamine chromate and benzothiazole for protecting copper, phenyl 
thiourea and cyclol^ylamine chromate for brass. Dicyclohexylamine nitrite is 
said to protect both ferrous and non - ferrous pasfe 
The vapour pressure of these compounds at room temperature is usually 
between 0.1 and 1.0 mm mercury, so that the inhibitor evaporates sufficiently 
fast to ensure its adequate availability in the vicinity of the metal surface, but 
not so fast that it Ijas'disappeafed in a few hours or days. The inhibitor vapour 
condenses on contacting a metal surface and is hydrolysed by moisture present 
to liberate nitrite and benzoate ions which in presence of available oxygen are 
capable of passivating steel as they do in aqueous solution^. 
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1.8.2.4 ANODIC INHIBITORS 
Anodic inhibitors are those substances which reduce anodic area by 
acting on the anodic sites and polarize the anodic reaction. The con-osion 
potential (Ecorr) shifted anodically (positively ) and the corrosion current {l^o„) 
is suppressed and thereby, .cQrrQ&ioft^ ate^ is rex3vic.ed.by-an-anedic-iimifaitor. The 
curve E^ corr represents the anodic reaction while E'^ corr represents the cathodic 
reaction and the point B where both anodic and cathodic reaction intersect 
corresponds to corrosion potential (Ecorr) and corrosion current (Icorr){^  
•Tile" substance which retard the anodic reaction to enhanceo^tu-ef-
^ ' r 
anodic polarization. In this situation, anodic curves become E^ corr (Figure 1.2a) 
and the current fcorr corresponding to O is less th^n Icorr (corrosion current in 
the absence of the inhibitors) and the rate of corrosion is decreased. Anodic 
inhibitors which cause a large shift in the corrosion potential are called 
passivating inhibitors, if used in insufficient concentration, they cause pitting 
and some times an increase in corrosion rate. 
Anodic inhibitors are two types: 
(i) Oxidising anodic inhibitors - they inhibit corrosion by 
passivating the metal surface e.g. chromate, nitrite [68]. 
(ii) Non - oxidising anodic inhibitors - the/ inorganic anions such as 
molybdate, benzoate, phosphate are the examples of non-
oxidising type anodic inhibitors. 
The inhibition mechanism of the anodic corrosion inhibitors has been a 
matter of long dispute and there Iwii In i ii two points of view advance<to 
explain their action^ One supports the formation of protective insoluble film on 
metals in the presence of the inhibitors while the other can be understood in 
such a way that the inhibitors get adsorbed by specific force interaction or 
through chemisorption on the surface of the metals. 
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(i) Protective Film Mechanism 
The anodic inhibition by sodium or potassium salts containing anions 
which form sparingly soluble salts with the corroding metal is considered to be 
due to precipitation insoluble film. Hoar and Evans [69] have shown that 
chromates react with ferrous ions and precipitate and' adherent protective film 
of hydrated ferric and chromic oxides on the anodic area. It has been also 
reported that during the inhibition of iron by sodium hydroxide [70], 
orthophosphate [71], nitrite [72], chromate [73] and other anodic inhibitors like 
sodium carbonate, acetate, benzoate and molybdate [74] in aerated solutiqn, 
there occurs the formation of an invisible protective thin film ia- aertrtc4 
soluttoTT i^her© oggjis the^  formation of.^ ainYisible-pFOteetive thin i t ^ 7-Fe203. 
(ii) Adsorption Mechanism 
It was realized that for inhibition, oxide film formation is not necessary 
[75]. It has been assumed that the primary inhibition by chromates and other 
oxidising inhibitors is due to physical or activated adsorption - chemisorption, 
through which valence forces of the surface metal atoms are satisfied. This 
view was confirmed from the measurement of electrode potential [76] as well 
as that of residual activity of anions [77-78]. Later on, Hackerman [79] found 
that anions adsorbed at the oxide solution interface were responsible for 
inhibition rather than the formation of metal oxide film. Further, Rosenfeld 
[80] observed that both, the adsorption and the phase layer formation on the 
metal surface might cause inhibition of corrosion process. 
1.8.2.5 CATHODIC INHIBITORS 
Cathodic inhibitors are those substances which reduce the cathodic area 
by acting on the cathodic sites and polarize the cathodic reaction. They shift the 
potential (E%orr) of the cathodes cathodically (negatively) so that anodic and 
cathodic potential '^coverage ^rsmall, thereby retard ^ cathodic reaction and 
I- A 
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Figure 1.2 Mechanism of action of corrosion inhibitors 
based on polarization effects 
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suppress^the corrosion rate (Figure 1.2b). In this situation, the point of 
intersection is at 0 and corresponding corrosion current (I*^ corr) will be lower 
than that without inhibitor (Icorr) irrespective of the direction of shift of Ecorr-
Cathodic inhibitors can be divided into three categories: 
(i) Cathodic Poisons: The substances which interfere with the formation 
of hydrogen atoms or recombination of hydrogen atoms to H2 gas are known as 
cathodic poisons e.g. arsenic and antimony salts. 
(ii) Oxygen Scavangers: The substance which inhibit the corrosion by 
removing dissolved oxygen are called oxygen scavangers e.g. hydrazine and 
sodium sulphate. 
2Na2S03 +O2 • 2Na2S04 (34) 
N2H4+O2 • N2+2H2O (35) 
The advantage of hydrazine over sulph^^e is that it does not increase 
hardness of water, which in turn prevents scale formation in boiler. 
(iii) Cathodic precipitate: (Filming inhibitoj;^: Calcium bicarbonate and 
zinc sulphate are the example^of filming type inhibitors. The cation parts of 
these inhibitors migrate towards cathode and react with cathodically formed 
alkali to produce insoluble protective film on^ cathode and thereby inhibit 
cathodic reaction. 
Ca^^ + 2HC07+OH- • CaCOs + HCOa" + H2O (36) 
Zxi^ + 20H" • Zn (0H)2 (37) 
The mechanism of cathodic inhibition has been more frequently and 
conveniently described in terms of adsorption of inhibitors on cathodic sites. 
Many investigatoi^[81-83] working on numerous inhibitors in acid media have 
proposed that inhibitors exist in onium structure and get adsorbed on the 
cathodic areas of the surface by force of physical adsorption and 
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chemisorption. In contrast, Bockris and Convay [83] have claimed that action 
of cathodic inhibitors is due to an increase of the hydrogen over voltage rather 
than that by air adsorbed inhibitor film on the metal surface. The inhibition due 
to the general adsorption of the inhibitor on the metal surface remains, 
however, the most accepted theory [84-85]. 
In non - aqueous or partially non - aqueous solution, cathodic inhibitors 
usually act through precipitation of metallic ions. In near - neutral solutions 
metal surface are usually covered with oxides, hydroxides or salt present due to 
their reduced solubility in the vicinity of the corroding metal solution interface. 
The role of an inhibitor is to stabilize the situation through forming a protective 
surface film. The precipitated film serves as a barrier to the diffusion of oxygen 
to the metal surface. Since, this performance is associated with the involvement 
of oxygen in the overall corrosion process, inhibitors are often classed as 
cathodic inhibitors, particularly in those cases where reduction of oxygen 
occurs on the cathode during the corrosion process. Inhibitor belonging to this 
class include the salts of zinc and magnesium and carbonates of calcium and 
magnesium. 
1.8.2.6 MIXED INHIBITORS 
Those substances which affect both the cathodic and anodic reactions 
are called mixed inhibitors. This type of inhibition can be represented by 
Figure 1.2c. The anodic and cathodic reactions are represented by E'^ corrA and 
E'^ corrC respectively and corrosion current I'^ corr in presence of such type of 
inhibitors is considerably less than that in their absence. This effect is 
produced by inhibitors which are generally physically adsorbed at both anodic 
and cathodic sites. It is believed that the action of such type of inhibitors at the 
metal liquid interface is due to their adsorption or coagulation providing a 
shield to the metal surface. 
Machu [86] claims that their action is mainly due to the formation of 
porous layer which increases the electrical resistance of the surface layer. 
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These inhibitors are usually sparingly soluble, high molecular weight, colloidal 
organic substances. Organic compounds containing N and S, some times, may 
exhibit anodic, cathodic or mixed behaviour. 
1.9 RECENT CLASSIFICATION OF INHIBITORS 
Inhibitors have been classified as interface inhibitors and interface -
layer inhibitors [87]. Interface inhibitors decrease the rate of electrochemical 
reaction taking place at the metal/electrolyte interface. Interface - layer 
inhibition is caused by substances dissolved in the electrolyte layer. Further 
primary inhibitors are present in the electrolyte layer, unchanged in 
composition. Secondary inhibitors are generated at the interface or electrolyte 
layer by either a chemical or electrochemical reaction. 
1.10 MECHANISM OF INHIBITION IN ACID SOLUTIONS 
The inhibitive action of organic compounds occur on the metallic 
surface due to interaction between the inhibitor and the metal surface by 
adsorption phenomenon. In the process [54], the molecules are held on the 
surface of the adsorbent by valence forces i.e., variation in charge from one 
phase to the other. Therefore, the molecular structure of the inhibitors assumes 
special significance [88]. The electron density at atoms of functional group 
constituting a reaction center affects the strength of the adsorption bond [89]. It 
also depends on the properties of the metal, as well as on the polarizability of 
the functional group [90-91]. Inhibition by adsorption can be explained by 
LFER correlation [92-93]. 
l.IO.l FACTORS AFFECTING ADSORPTION MECHANISM 
(i) Surface Charge in Metal 
The magnitude and sign of the surface charge of the metal play a very 
important role for the establishment of the adsorption bond. The effects 
exercised by organic inhibitor'on the electrode reactions must be connected 
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with the modifications induced in the structure of the electrochemical double 
layer because of their adsorption. In solution the charge on a metal can be 
expressed by its potential with respect to the zero charge potential. This 
potential often referred to as the ^ potential is more important than the potential 
of a hydrogen scale and sign of these potentials are different [94]. As the 
potential more positive, the adsorption of anions is favoured and as the 
potential becomes more negative, the adsorption of cations is favoured. 
(ii) Reaction of Adsorbed Inhibitors 
In some cases, the adsorbed corrosion inhibitors may react to form a 
product by electrochemical reduction, which may also be inhibitive in nature. 
Inhibition due to the added substances has been termed as primary inhibition 
and that due to the reaction product, secondary inhibition [95]. In such cases, 
the inhibition efficiency may increase or decrease with time according to 
whether the secondary inhibition is more or less effective than the primary 
inhibition [96]. 
(iii) Interaction of Adsorbed Inhibitor Species 
Lateral interactions between adsorbed inhibitor species becomes 
significant with increase of surface coverage of the adsorbed species. This 
lateral interaction may be either attractive or repulsive. Attractive interaction 
occurs between molecules containing large hydrocarbon components. 
Repulsive interaction occurs between ions or molecules containing dipoles and 
lead to weaker adsorption at high coverage [97]. 
(iv) Interaction of the Inhibitor with Water Molecules 
The surface of metals in aqueous solution are covered with adsorbed 
water molecules. Adsorption of inhibitors takes place by the displacement of 
adsorbed water molecules from the surface, which involves free energy for 
adsorption. It is found to increase with the energy of solvation of the adsorbing 
species [98]. 
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(v) Structure of Inhibitors and their Adsorption 
Inhibitors can bond to metal surfaces by electron transfer to form 
adsorption bond. Generally the inhibitors are the electron donor and the metal 
is the electron acceptor. The strength of this bond depends on the characteristic? 
of both the adsorbate and adsorbent. Electron transfer from the adsorbed 
species is favoured by the presence of relatively loosely bound electrons, as 
may be found in anions and neutral organic molecules containing lone pair 
electrons of 7i-electron systems associated with multiple, especially triple bonds 
or aromatic rings. 
Most organic compounds have at least one polar atom i.e. nitrogen, 
sulphur, oxygen and in some cases selenium and phosphorous. In general, the 
polar atom| is regarded as the reaction center for the establishment of the 
chemisorption process [98]. In such cases, the adsorption bond strength is 
determined by the electron density of the atom acting as the reaction center and 
by the polarizability of the polar atoms. The effectiveness of the polar atoms 
with respect to the adsorption process varies in the following sequences [92]. 
Selenium > Sulphur > Nitrogen > Oxygen. 
The importance of electron density in chemisorption of organic 
substances in relation with inhibition phenomena has been evaluated by 
Donahau [92]. The idea of electron density acquires particular importance in 
aromatic or heterocyclic inhibitors whose structure may be affected by the 
introduction of substituents in different positions of the rings [94]. The 
availability of electron pairs for the formation of chemisorption bonds can thus 
be altered by regular and systematic variations of the molecular structure. 
1.10.2 INFLUENCE OF INHIBITORS ON CORROSION REACTION 
An inhibitor is a chemical substance which may decrease the rate of 
anodic process, the cathodic process, or both processes. The change in 
corrosion potential on addition of the inhibitor is Jh6 indication of a retarded 
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process [99].^hift of the corrosion potential in the positive direction indicate)d^ 
mainly retardation of the anodic process (anodic control) whereas,shift in the 
negative direction indicates the retardation of the cathodic process (cathodic 
control). Little change in the corrosion potential suggests that both anodic and 
cathodic processes are retarded. 
In the presence of an inhibitor, a shift of polarization curves without a 
change in the Tefel slope indicates that the adsorbed inhibitor acts by blocking 
active sites so that reaction can not occur rather than affecting the mechanism 
of the reaction [100]. A change in the Tafel slope is the indication of affecting 
the mechanism of the reaction. 
Inhibitors in acid solutions affect the corrosion reactions of metals in the 
following ways: 
(i) Formation of a Diffusion Barrier 
The adsorbed inhibitor which forms a surface film on the metal surface, 
can act as a physical barrier to restrict the diffusion of ions or molecules to or 
from the metal surface and thus retard the corrosion reaction. This type of 
behaviour occurs in inhibitor containing large molecules [101]. 
(ii) Blocking of Reaction Sites 
The inhibitors may adsorb on the metal surface to prevent the surface 
metal atoms from participating in either the anodic or cathodic reaction" of 
corrosion. This blocking process reduces the surface metal at which these 
< 
reaction'can occur, and hence the rates of these reactions. The mechanism of 
the reactions are not affected and the Tafel slopes of the polarization curves 
remain unchanged. Adsorption of inhibitors at low surface coverage tends to 
occur at anodic sites, causing retardation of the anodic reaction. At high surface 
coverage, adsorption occurs on both anodic and cathodic sites, and both 
reactions are inhibited. 
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(Hi) Precipitation in ttie Electrode Reactions 
The electrode reactions involve the formation of adsorbed intermediate 
species with surface metal atoms. The presence of adsorbed inhibitors will 
interfere with the adsorbed intermediate but the electrode processes may then 
proceed by alternative paths through intermediates containing the inhibitor. In 
these processes, the inhibitor affects the reaction and tbfeJnMbitor remain 
unchanged with a change in Tafel slope [102]. Inhibitors may retard the rate of 
hydrogen evolution on metals by affecting the mechanism of the reaction with 
the increase in Tafel slopes of cathodic polarization curves. This effect has 
been observed on iron in the presence of inhibitors such as phenylthiourea 
[103]. 
(iv) Alternation of the Electrical Double Layer 
The adsorption of ions or species which can form ions on metal surface 
will change the electrical double layer at the metal solution interface, and this 
in turn will affect the rates of the electrochemical reactions. 
(v) Adsorption Isotherms 
An adsorption isotherm gives the relationship between the coverage of 
an interface with an adsorbed species (the amount adsorbed) and the 
concentration of the species in solution [104]. Various adsorption isotherms 
have been formulated. Table - 1.4 gives the list of isotherms and their 
corresponding equations [105]. 
Interpretation of the inhibition characteristics of organic molecules can 
be made by fitting the data to one of the adsoiption isotherms. 
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Table 1.4 Adsorption Isotherms 
S.No. Isotherms Equations 
2. 
3. 
5. 
7. 
Freundlisch 
Langmuir 
Frumkin 
Temkin 
B lomgren-B lockris 
Parsons 
Bockris, Devanathan and 
Muller 
pc = e 
pc = 
pc = 
pc = 
e 
I - e 
e 
{\-e) exp (-2a9) 
Exp{aB)-\ 
l-exp[-a(l - ^)] 
pC=-^exp(p^^ /^ -q^^) 
pC = ^ - ^ exp ^—^ exp (-2ae) 
1 - e ~"^  (1 - ey 
Log C + log e 
1 - e 
c + p^ 3/2 
where. 
P =1/55.5 (exp - (AGads / RT)) = adsorption constant 
Gads = free energy of adsorption 
9 = surface coverage 
C = concentration of inhibitor 
a = molecular interaction constant 
a > 0 = > attraction and a < 0 = > repulsion, 
p and q = constants expressed in terms of dipole moments. 
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1.11 TECHNIQUES FOR CORROSION INHIBITION 
MONITORING 
There are a large number of methods available for the study of corrosion 
behaviour of metals and alloys in corrosive environments. The various 
techniques employed for corrosion monitoring have been classified as: 
(i) Non - Electrochemical Methods 
(ii) Electrochemical Methods 
(i) Non - Electrochemical Methods 
These include techniques like weight - loss measurement and 
gasometric methods. The main disadvantage of these methods is that these 
require relatively long exposure times of the corroding systems which do not 
form adherent layers of corrosion products. 
(a) Weight Loss Measurements 
The determination of corrosion rates by weight - loss is one of the 
simplest, best and oldest established test methods. This is the most reliable 
method. The electrochemical measurement results are usually compared with 
weight loss data. Here the change in weight of the specimen is determined by 
immersing the specimen in the corrosive medium for a fixed time. The rate of 
metal removal due to corrosion is calculated from: 
R = KW/ATD 
where R is the corrosion rate, K is a constant, W is the weight loss to the 
nearest 0.000 Ig, A is the area of the specimen to the nearest 0.01 sq.cm., T is 
the time exposure to the nearest 0.01 hour and D is the density in g/cu. 
A variety of units have been used in literature to express the corrosion 
rate. Using the units for T, A, W, and D in the above equation corrosion rate 
can be calculated in different units with the appropriate value of K (Table 1.5). 
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Table 1.5 Value of constant K, for determining corrosion rate in different 
units using weight loss measurements 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
EXPRESSION 
Inches per month, imp 
Inches per year, ipy 
Miles per year, mpy 
Millimetres per years, mm/yr 
Micrometre per year, mm/yr 
Picometre per second, pm/sec 
Micrograms per square metre per sec, 
9?g/(sq m)(sec) 
Miligrams per square decimetre per day, 
mdd 
Grams per square metre per hour, g/(sq 
m)(hr) 
DIMENSION 
in/mo 
in/yr 
mils/yr 
mm/yr 
\m\/yr 
pm/sec 
|ig/(sqm) (sec) 
mg/(sq dm)(day) 
g/(sq m) (hr) 
CONSTANT 
K 
2.87x10^ 
3.45x10^ 
3.45 X 10^ 
8.76 X 10'' 
8.76x10' 
2.78x10^ 
2.78 X 10^D 
2.40 x 10^ D 
1.00 X 10" D 
If desired, these constants may also be used to convert corrosion rates from one 
set of units to another [64]. To convert corrosion expressed in unit x to a rate in 
unit y, multiply by Ky/Kx. e.g. if R is 10 mpy the rate in mm/yr would be: 
10 (8.76xl0V3.45xl0^) = 0.254 mm/yr. 
(b) Gasometric Methods 
This method yields reliable and accurate results with a high degree of 
reproductivity. In this method the volume of hydrogen gas (in acid corrosion) 
evolved during a corrosion reaction is directly measured at a constant 
temperature. The corresponding metal loss can be calculated. Tl^ is technique 
has been used for the inhibitor studies by Nathan [106]. Mathur e^ l [107] have 
A 
designed a gasometric unit with which corrosion rates could be monitored 
under controlled conditions of temperature and pressure without any aqueous 
tension correction. Also this technique has been successfully applied for the 
determination of corrosion kinetic parameters by them [107]. 
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However this technique has certain limitations such as it can not be 
appUed to a strong oxidizing medium Uke nitric acid, to systems where the 
inhibitor used undergoes reduction with the hydrogen gas evolution, etc. 
(ii) Electrochemical Methods 
Electrochemical methods are finding increased use in corrosion research 
and in engineering applications. These methods are most widely used for the 
study of inhibitors. Such methods are practical because the corrosion behaviour 
of material - electrolyte combinations is a direct function of the mechanism as 
well as kinetics of the electrochemical methods^can be used, m field or m 
laboratory, to measure corrosion rates without removing the specimen from the 
environment or altering the sample itself. 
(a) Polarization Methods 
Various methods are employed for the study of corrosion rate but the 
most effective one is polarization method. The electrochemical polarization of 
metallic sample is accomplished with a power supply known as potentiostat. 
Ammeter 
6 
Auxiliary, 
electrode 
W^ 
Potentiostat 
^Working R.^ .^g^^e 
^, Auxiliary « 
-in High-
impedance 
voltmeter 
Salt-bridge probe 
_ Working 
electrode 
Polarization 
celt 
Reference 
electrode 
IK 
Reference 
ceU 
Figure 1.3 Instrumental set'up for electrochemical polarization experiments 
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An auxiliary electrode supplies the current to the working electrode (test 
specimen) in order to polarize it. The potential between the working electrode 
and reference electrode is monitored or set at a fixed value. Figure 1.3 
illustrates schematically a typical experimental arrangement. 
The system is designed so that only an extremely small current can pass 
between the reference electrode and the working electrode. The current needed 
to polarize the working electrode is supplied from the auxiliary electrode. 
Several American Society for Testing and Materials (ASTM) standards discuss 
methods for performing these experiments [108-109]. 
In this method the behaviour of inhibitor is understood by drawing a 
Tafel plot (Figure 1.4) in absence and presence of inhibitor. The percentage 
inhibition is calculated from the formula. 
1° - I 
i can ^c %I.E. = 7^ X 100 1° 
A corr 
1° = Corrosion current density (corrosion rate) in absence of inhibitor 
I = Corrosion current density (corrosion rate) in presence of inhibitor 
(38) 
(Noble) 
+ 
Ecorr(M) 
(Active) 
.''^ 
Theoretical curves 
Experimental curves 
Log i ^ 
Figure 1.4 Polarization curves for a corroding electrode 
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Ecorr = Corrosion potential 
Icorr ^ Corrosion current 
The corrosion rate is determined from the polarization data in two ways: 
1. Tafel extrapolation method 
2. Linear polarization method 
In Tafel extrapolation method the linear portion of the Tafel curve is 
extrapolated. The point of intersection is referred to as Icorr-
Linear polarization method provides the value of the absolute corrosion 
rate from the following relation. 
3a X Pc I 
where Pa and Pc are Tafel constants, 1/Rp = AI/AE = polarization conductance. 
(ill) Impedance Method 
Impedance measurement [110-113] provides a wealth of kinetic and 
mechanistic informations. This technique has become a popular tool for the 
measurement of corrosion rate in recent years. In this technique a small 
amplitude perturbation is applied to the working electrode at a number of 
discrete frequencies. At each of this frequencies the resulting current waveform 
will exhibit a sinusoidal response that is out of phase with the applied potential 
signal by a certain amount. 
The main advantages of this method are: 
(i) applicable to low conductivity system, 
(ii) provides mechanistic information, 
(iii) solution resistance is completely eliminated. 
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The electrical equivalent circuit for the corroding system is given below: 
R. 
'dl 
Rt 
w 
Rs = Solution resistance, 
Rt = Charge transfer resistance, 
W = Warburg impedance, 
Cdi = Double layer capacitance. 
The inhibition efficiency of the inhibitor can be determined from AC 
impedance method [114-115] by the following formula: 
1/R.o 
(40) 
R, and R,o are the charge transfer resistance with and without inhibitor. 
For determination of R,, very small potential is applied as a function of 
frequency (usually 60 KHz - ImHz). The impedance of the corroding system 
for various frequencies can be measured using lock - in - amplifier. A plot of 
Z(real) vs Z"(imaginary) for the various frequencies gives a semicircle 
(Nyquist plot; Figure (1.5)^ which cuts the real axis at higher and lower 
frequencies. At higher frequency it corresponds to Rs and at lower frequency it 
corresponds to (R^  + Rt). The difference between the two values gives Rt. From 
R( the corrosion current can be calculated using Stern - Geary equation : 
(41) 
The double layer capacitance can be determined from the frequency at which 
Z" is maximum from the relation: 
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Fz"max ~ ~ r ' D ^ ^ 
Figure 1.6 is a Bode plot for the some data as in Figure 1.5. The Bode 
plot is a useful alternative to the Nyquist plot to avoid the longer measurement 
times associated with low frequency Rp determination. The Bode format is also 
desirable when data scatterpi)ercludes adequate fitting of the Nyquist 
semicircle. In general, Bode plot provides a clea^ description of the 
electrochemical system's frequency dependent behaviour than does the Nyquist 
plot, where frequency values are implicit. 
^ 
1 
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Figure 1.5 AC impedance profile for a 
Simple electrochemical system 
Figure 1.6 Bode plots 
1.11.1 OTHER METHODS 
The methods such as Radiotracer technique. Spectroscopic methods, X-
ray photo electron spectroscopy. Auger electron spectroscopy, Ellipsometry, 
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Hydrogen permeation, Quartz crystal method, Electrochemical noise method 
have also been used for studying the inhibition phenomenon. 
(i) Radio Tracer Technique 
A better knowledge of inhibition phenomena can be obtained by Radio-
tracer method [116] with labelled inhibitor. It is possible to detect traces of 
substance adsorbed even under extreme dilution. 
The method consists of bringing about the adsorption of the compound 
under examination on the metal (electrode) by putting the electrode in the 
electrolyte containing the radioactive organic substance. The electrode is taken 
out and washed. It is subjected to a count determination to measure the activity. 
It is compared with a standard and the amount of substance adsorbed is found. 
Also the decrease in the concentration of the labelled additive in the solution as 
a result of adsorption can be measured. 
(ii) Spectroscopic Technique 
The I.R. and U.V. spectra of the adsorbed products are very useful in the 
interpretation of inhibition phenomena. I.R. studies help to predict the 
functions of the adsorption bonds and prf the armngement of the inhibitor 
molecules on the surface of the metal. Schwabe^[117] using I.R. studies found 
that in the case of corrosion inhibition with dibenzyl sulfoxide, the product 
adsorbed on the electrode was dibenzyl sulphide. 
U.V. spectroscopy has been used to determine the amounts of inhibitor 
adsorbed on the electrode by evaluating the decrease in concentration in 
solution under condition of free corrosion [118]. 
Riggs et al [119] obtained NMR spectra of anilines and substituted 
anilines. They have observed a good correlation between chemical shift and 
coefficient of inhibition of steel corrosion. 
38 
X - ray photoelectron spectroscopy and FTIR spectroscopic techniques 
have been employed to study the films formed on the metal surface by the 
inhibitors [120]. 
(iii) Auger Electron Spectroscopy 
In Auger electron spectroscopy a specimen is excited with an electron 
beam causing inner shell electrons to be removed from the atoms present. 
Through a relaxation mechanism, outer shell electrons fill the created vacancies 
and so called "Auger Electrons" are ejected from the material. An "Auger 
Spectrum" is obtained by plotting derivative of the electron energy distribution 
versus energy. The typical depth analysis with AES is of the order of 1OA or 
less and elemental concentrations as low as 0.1% of monolayer can be detected 
and identified. Both qualitative and quantitative can be obtained for all 
A 
elements above helium and sensitivity varies less than an order of magnitude 
for all the elements. 
The inner core vacancy is created by electron bombardment of the 
surface with electrons having energies in the range of 1 - 5 KeV. Auger 
electrons are generated having energies in the range 0 to 2000 eV and only 
those electrons coming from within few monolayers of the surface escape with 
characteristic energy. The depth profiles of the surface films are obtained by 
sputtering the surface away slowly by Ar"^  ions. The absolute thickness of the 
surface film can not be determined but the information about the thickness 
relative to the sputtering of Ta205 can be easily obtained. 
(iv) Polarographic Technique 
The polarographic method is employed for the study of corrosion and 
has the practical utility in the detection of minute changes in the corrosive 
system. In this method, the potential is gradually increased in the direction of 
reducing the substance present in the aqueous solutions. At the reduction 
potential of the substance, current suddenly increases. The height of the peak in 
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the current versus time curve indicates the concentration of the substance 
present. 
(v) Electrocapillary Technique 
This technique has recently been introduced for the study of corrosion 
inhibitors [121]. This technique consists of measuring the interfacial tension of 
the electrode - electrolyte interface as a function of applied potential. The shift 
of electrocapillary curve, i.e. potential and surface tension curve, in the 
negative region after the addition of the inhibitor shows that adsorbed species 
are anionic in nature. In the presence of cationic type of inhibitors, the curve 
shifts towards anodic potential. 
(vi) Nuclear Magnetic Resonance 
This method has been applied to study the electronic structure of organic 
compounds. Using this method, it has been verified that the electron density on 
the nitrogen of anilines determines the ability of these compounds as inhibitors 
of corrosion for steel in acids [119]. 
(vii) Hydrogen Permeation Technique 
Metals produce atomic hydrogen when come^ in contact with acid. 
Before these combine to produce hydrogen molecules, a fraction may diffuse 
into the metal. Inside the metal, the hydrogen atoms may combine to form 
molecular hydrogen. Thus, a very high internal pressure is built up. This leads 
to heavy damage of the metal. This is known as "Hydrogen embrittlement". 
This phenomenon of hydrogen entry into the metals can occur in 
industrial process like pickling, plating, phosphating etc. Hydrogen permeation 
depends on the nature of the acid jised., A typical cell for permeation studies 
• t i t „ • • -^  r *, • • 1 , ; ' 
was introduced by Devanathan et-al- [122] ii 
t /• 
ionised and recorded as permeation current. 
n which the penetrated hydrogen is 
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An inhibitor can be considered as completely effective only if it inhibits 
metal dissolution and hydrogen penetration into the metal, simultaneously. 
Bockris et al [123] showed that naphthalene increases the rate of 
hydrogen penetration into iron. Antropov et al [124] studied extensively the 
effects of numerous inhibitors on the corrosion of iron and on the diffusion of 
hydrogen through the metal. They showed that pyridine derivatives el^inate 
the diffusion of hydrogen through iron membranes. 
The behaviour of the inhibitors with regard to hydrogen permeation can 
be understood by measuring the permeation current with and without 
inhibitors. 
Those inhibitors which reduce the permeation current are good for 
inhibiting the entry of hydrogen into the metal concerned. 
The percentage inhibition of hydrogen permeation is given by: 
N,nh,b - No 
°/o I-E. = T^  :7 X 100 (43) 
N,n, -No 
where Nm, is the fracture data determined on the metal specimen in the absence 
of adsorbed hydrogen. No is the after cathodic charging with hydrogen in the 
absence of inhibitor and N,nh,b is the fracture data after cathodic charging in the 
presence of the inhibitor. 
(viii) Electrochemical Noise Measurement 
This technique is a recent development in corrosion monitoring, the 
noise signal arising from random events such as rupture of the protective film 
and dissolution of metal at local sites. These random functions of corrosion 
potential and corrosion current are particularly obvious with localized 
corrosion monitoring. 
In this technique, current noise and the mean current flow between two 
identical electrodes are monitored and this is con-elated with the corrosion 
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potential noise measured via a third electrode. This technique has been found to 
be useful for the investigation of pitting corrosion. 
(ix) Second Harmonic Generation 
This is an optical laser technique at surfaces by which molecular 
adsorption from solution on to a solid surface can be probed. The second 
harmonic response, whereby fraction of the incident fundamental beam is 
converted into a spatially coincident beam at twice the original frequency, 
depends on the nature of the surface and any species adsorbed at it. Second 
harmonic generation is extremely surface specific because it is governed by 
symmetry selection rule such that it only occurs in non - centrosymmetric 
media. This condition is met at the interface between two centrosymmetric 
media, such as metal immersed in an electrolyte. Consequently, the second 
harmonic signal is generated by only the top few atomic layers of the metal and 
any overlayer present. This technique is sub - monolayer sensitive. However, 
the conversion efficiency is very low, so a high peak power, short pulse laser is 
required [125]. 
(x) Quartz Crystal Microbalance Method 
This method is used to monitor mass change as well as electrochemical 
change during corrosion process. The sensitivity of such a device is sufficient 
to detect subnjonolayer coverage of a surface with organic molecules. 
Pickering et al have studied the inhibiting action of benzotriazole and related 
compounds on corrosion of copper alloy in sulphuric acid solution using this 
method [,126J. 
1.12 CORROSION OXIRON AND STEEL AND ITS INHIBITION 
IN ORGANIC ACIDS 
The phenomenon of corrosion in organic acids is associated with 
processes of chemical and petrochemical industries. These acids form a base 
for manufacturing various chemical compounds ranging from drugs to plastic; 
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and fibres. Organic acids are usually slightly reducing and can be relatively 
corrosive, if impurities are present. A few organic acids [127] used in chemical 
industries are as follows: 
(i) Formic acid 
(ii) Acetic acid 
(iii) Propionic acid and Butyric acid 
(i) Formic Acid 
Formic acid is the most corrosive of the common organic acids. It reacts 
readily with many oxidizing and reducing compounds. 
Type 304 stainless steel and Type 316L i^ the alloyiof choice to all 
concentrations at ambient temperature and upto 10% formic acid at boiling 
temperature. Alloy 20, 28, 904 or 825 should also be considered for 
intermediate strength (approx. 30 - 70%) of formic acid at elevated 
temperature. Several high nickel alloys, such as G - 3, 625 and C - 276 are 
suitable for all concentration '^and temperature/ 
(ii) Acetic Acid 
Acetic acid is the source chemical for many products including fibres, 
plastics, agricultural chemicals, pharmaceuticals and other compounds. Its role 
in the organic chemical company compares with that of sulphuric acid in 
inorganic chemical processing. Therefore, knowledge of its corrosivity is 
essential to ensure satisfactory service life of manufacturing equipment and to 
prevent product contamination. 
Copper columns and high nickel alloy (Alloy C - 273) have been 
employed. Type 304L is also preferred for bulk shipment of chemically pure 
acetic acid to prevent iron pick - up in the product. Alloy 20, 904, or 904h Mo 
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(No 8925) may replace 316L in some parts of acetic acid column, although 
Alloy C - 276 is preferred. 
(iii) Propionic Acid and Butyric Acid 
The corrosion characteristics of propionic and butyric acids are very 
similar to, but some what milder than those of acetic acid. 
Type 3I6L is the preferred material for handling hot, concentrated 
solutions, while Type 304L can be utilized for more dilute solutions upto 
boiling point. A laboratory test (240h, unaerated) in boiling 100% propionic 
acid shows corrosion rates for Type 314L stainless steel as 26 mpy and 1.2 
mpy, resjjectively. The corresponding rate for Alloy C - 276 is 0.2 mpy. 
(iv) Naphthenic AcidS 
Naphthenic acids are present in certain petroleum crude oils and causes 
severe corrosion at high temperature in distillation equipments. Type 317L is 
generally specified for bubble caps, tray and cladding. 
Teeple [128] investigated the corrosion behaviour of a number of 
ferrous and non - ferrous materials in different organic acids under the 
conditions prevailing during the production or use of these acids. The results of 
the investigation indicated that the corrosion rate of mild steel in formic acid 
exceeds 500 mpy in such conditions even at the concentration of 2% and thus it 
can not be used as a construction material. Stainless steels AISI 316 and 347 
were preferred materials of construction due to their low corrosion rate^  both in 
formic as well as acetic acid^  The corrosion rate of these materials in these 
acids were found to be greatly influenced by the conditions such as aeration, 
temperature, dilution and also by the presence of salts like sodium chloride. 
The corrosion rates of Fe, Zn, Al and stainless steel, AISI 304 in oxygen 
- free formic, acetic, propionic and butyric acids with water contents between 
0.06M and 4.0M were determined by polarization resistance and weight loss 
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measurements [129]. They observed that the corrosion rate of iron was 
increased with increasing water concentration in acetic acid whereas, only 
slight decrease in corrosion rate was observed on addition of water to formic 
acid. 
Sekine et al and Singh et-^ T performed a series of investigation [130-" 
L3f] on different steelSj^ jStalplesS^ t^e^ l^  and iron at various concentrations of 
formic and acetic acid; at temperatures varying from room temperature to 
boiling temperature. They reported that the concentrations of these acids 
corresponding to maximum corrosion rate changes with the chemical 
composition of the alloy as well as the temperature of the system. In formic 
acid, the maximum in corrosion rate was found at 20 and 40% for SS41 steel 
[130] and SUS 329J [135] stainless steel respectively, at room temperature. On 
the other hand at boiling point, the maximum in corrosion rate was observed at 
50 and 80% of formic acid for the two cases respectively. The maximum in 
corrosion rate was exhibited at 30 and 60% of acetic acid, at room temperature 
and 30 and 80% of acetic acid, at boiling point for SS41 steel and SUS 329J1 
stainless steel, respectively. 
Sekine et al [132] investigated anodic polarization behaviour of pure Fe, 
Ni, Cr and Type 304 stainless steel in formic acid solution. It was observed that 
the polarization curve for iron showed a very large current for active 
dissolution, a definite passivation and transpassive dissolution for 1 to 70% of 
formic acid concentration. They further observed that ^n increasing the 
concentration of formic acid the peak current for active dissolution became 
progressively smaller, the potential range of passivity became wider and the 
passivity current grew smaller. Consequently, it was believed that water in 
aqueous formic acid solution tends to accelerate iron corrosion. 
For type 304 stainless steel, however, a peak corresponding to secondary 
passivity was observed in addition to the active passive behaviour of the 
specimen in all concentration'of formic acid, except in 100% acid solution. In 
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20% formic acid, the active current peak of iron was about 1000 times higher 
than that of Type 304 steel. An active passive, behaviour of mild steel in 0.5 M 
acetic acid has been mentioned by Abdd-et-ftl [140]. It was observed by them 
that in acetic acid the passivation was developed gradually and the passive 
region was covered by a narrow range of potential (~200mV). They suggested 
that the high anodic current in the active region was due to primary passivating 
layer, which was non - protective and highly porous salt layer of basic iron 
acetate. 
Gouda et al [141-142] investigated the behaviour of tin in oxalic, citric 
and tartaric acids and also the behaviour of steel in various organic acids at 
different acid concentrations (10'"' - 10'') and pH range 2 - 6. At high 
concentration (10") and (10') and in pH range 2 - 5, the steady state potential 
varied for unit charge of pH in acids respectively^ ^ The. corrosion process js^ 
cathodically controlled. In dilute solutions (10'^  - 10''') in pH range of 2 - 5 and 
in all acid concentration^ at pH 6^  "pie steady state potential shifted in the 
negative direction with an increase of acid concentration accompanied by an 
increase in the corrosion rate, indicating that the corrosion process j ^ anodically 
controlled. 
1.13 CORROSION INHIBITION OF IRON AND STEEL IN ACIDS 
A 
Inhibitors play an important role in controlled the corrosion of metal in 
acid solutions. Inhibitors are used to minimize the corrosive attack of metallic -
materials. Inhibitors can protect metallic materials, especially ferrous metals 
and alio/in mineral acids and various organic acids. 
The main features of effective inhibitors are as follows: 
(i) Should effectively inhibit the metal dissolution, 
(ii) Should be effective at low concentrations, 
(iii) Should thermally stable and chemically inert, 
(iv) Should inhibit hydrogen uptake by the metal, 
(v) Should possess good surfactant and good foaming characteristics. 
46 
The surfactants have been used as corrosion inhibitors [143-145]. El 
Achauri et al [146] studied the inhibitive effect of some surfactants in the series 
of 2-(alkyl (CnH2n+i) dimethyl ammonio) alkanol bromides (1) on the corrosion 
of iron in acid chloride medium by electrochemical and gravimetric methods. 
CH3 
R-N-CH2-CH-CH2-OH, Br' 
CH3 C2H5 
(1) 
1. 
2. 
3. 
4. 
5. 
R = C,iH23 
R=Ci2H25 
R=Ci3H27 
R=Ci4H29 
R = Ci5H3i 
High inhibition efficiencies are observed around their critical miceller 
concentrations (cmc) and the inhibition efficiency increases with the number of 
carbon atoms in the chain length. 
Non - ionic surfactant was found to have a marked inhibition efficiency 
[147]. The inhibiting action of cetyl trimethyl ammonium bromide (2) and cetyl 
pyridinium bromide (3) towards the corrosion of mild steel in 0.1 M H2SO4 was 
X^i A-^./ •"''•''• ' 
studied by Savithri'i^-al-[148]. The inhibition efficiency increased with increase A/. 
in temperature. 
CH3 
CH3(CH2)i5-A-CH3 Br" 
CH3 
(2) 
CH3(CH2),5- Br" 
(3) 
Osman [149] studied the corrosion of steel in IM H2SO4 containing 
different concentrations of hexadecyl trimethyl ammonium bromide (4) over 
the temperature range 30 - 60°C. 
H3C /CH3 
H3C(CFT2),5CH3 
(4) 
Br" 
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The inhibitive effect of Thiourea (5), 2-amino [4-p-chlorophenyl] 
thiazole (6) and different derivatives of their condensation products, N-2 [4-p-
chlorophenyl] 2-thiazolyl thiocarbamide on the corrosion of mild steel in 20% 
formic acid has been studi§4 using weight loss and electrochemical polarization 
technique by Gupta et-etl [150]." 
s 
II 
NH2-C-NH2 
(5) 
° ^ 1 N 
(6) 
NH2 
-N 
(7) 
1 ^ 1 JI 
^S' ' ' '^NH-C-NH2 
^ 1 : 1 
(8) 
a. R = H 
b. R = CIl3 
c. R = 0CIl3 
They observed that inhibition efficiency of these inhibitors at different 
concentrations and temperature follows the trend : 
(8)c > (8)b > (8)a > (7) > (6) > (5) 
They attributed tiwt increase in inhibition efficiency of condensation 
products )»''^ to increase in surface area and also increase in the number of 
active centers. The inhibitor (7) has two S - and three N - atoms as active 
centers and in addition a phenyl group. 
\ir: t. 
Further improvement in inhibition efficiency (^8)b and (8)c, jitfB to an 
increase in 7t-electron density on phenyl ring by substitution of electron 
donating groups as methyl (-CH3) and melhoxy (-OCH3) group on the methyl 
ring. 
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Singh et-al [151] investigated the inhibitive action of 2-benzyl mercaplo 
1, 4-diphenyl-l, 6-dihydro-l, 3, 5-triazine-6-thione and its o-chloro, p-chloro, 
p-nitro, o-methyl and o-methoxy derivatives on mild steel in 20% formic acid. 
a. R, =C1,R2 = H,R3 = H 
b. R, =H,R2 = C1,R3 = H 
c. R, =H,R2 = H,R3 = N02 
d. R, =(^H2>k2 = H,R3 = H 
e. R, = 0(5H3, R2 = H, R3 = H 
The result of this investigation giv& a view te-study the relationship 
existing between the molecular structure and inhibition efficiencies of studied 
inhibitors are significantly influenced by the type and position of the functional 
groups. -. ' 
The presence of chloro group in o-and p-positiorf in (9)a and (9)b does 
not have any appreciable influence on the inhibition efficiency, the small 
difference may be due to the greater residual electron density on the inhibitor 
molecule when chloro group is at p-position. (9)c should have decreased 
inhibition efficiency than parent compound as nitro group is^ an ^electron 
withdrawing group, instead increased inhibition efficiency may be attributed to 
the lone pair of electrons present on oxygen atoms of the nitro group which 
may act as an active center for adsorption. The substitution of electron donating 
groups as methyl (-CH3) and methoxy (-OCH3) groups on the phenyl ring in 
(9)d and (9)e causes an increase in electron density and as a consequence the 
inhibition efficiency increases over and above that for the parent compound. 
The influence of three condensation products of thiosemicarbazides and 
organic aldehydes namely: 1-vanillin thiosemicarbazone (VTS), 1-
salicylaldehyde thiosemicarbazone (STS), 1-dimethyl aminobenzaldehyde 
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thiosemicarbazone (DTS) on corrosion inhibition of mild steel in 20% formic 
acid and acetic acid was investigated by Quraishi et al [152]. 
^2^-, ^^^3 S R -^ ^
Ri 
(10) 
The increase in inhibition efficiency in the order DTS > STS > VTS can 
be explained on the basis of molecular structure. It is apparent from the 
molecular structur^that these compounds are able to get adsorbed on the metal 
surface through lone pair of N- and S-atoms and n-electrons of the benzene 
ring. The higher inhibition efficiency of DTS as compared to pother inhibitors 
may be due to better electron don^r propenies of -N(CH3)2 group as compared 
to -OH and -OCH3 groups of STS and VTS. 
AIMS OF THE PRESENT WORK 
The aims of the present investigation are as follow: 
• to synthesize gemini surfactants, alkyl substituted triazoles and 
condensation products. 
• to study ^  the inhibition action of synthesized compounds on corrosion of 
mild steel in acid medium. 
• to investigate the mechanism of inhibition in acid medium using 
potentiodynamic and ac impedance techniques. 
• to study the influence of molecular structure on corrosion inhibition. 
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2.0 MATERIALS 
2.1 TEST SPECIMEN 
2.1.1 FOR WEIGHT LOSS STUDY 
Cold rolled mild steel strips of size 2 cm x 2.5 cm x 0.05 cm and 
composition as given below were used for acidic solutions for weight loss 
study. 
C Mn Si P Fe 
0.14% 0.35% 0.17% 0.03% Remainder 
2.1.2 FOR ELECTROCHEMICAL TESTS 
Cold rolled mild steel strips having working area of 1 cm^ and 
composition same as above were used for all electrochemical tests. 
2.2 TEST SOLUTIONS 
The hydrochloric acid, sulphuric acid, formic acid and acetic acid 
(MERCK) of AR Grade were used for preparing solutions. The double distilled 
water was used to prepare all the test solutions required for the experiments. 
The test solution of inhibitor contains 5% of acetone or ethanol as solvent for 
solubilizing the organic compoimds used as corrosion inhibitors. 
2.3 INHIBITORS USED 
Twenty inhibitors were synthesized in the laboratory. They are listed 
below : 
1. N-trimethyl butane-diyi-1,2-ethane bis ammonium bromide BEAB 
2. N-hexane-diyl-l,2-ethane bis ammonium bromide HEAB 
63 
3. N-dodecane-diyl-1,2-ethane bis ammonium bromide DDEAB 
4. N-hexadecane-diyl-l,2-ethane bis ammonium bromide HDEAB 
5. 4-amino-3-methyl-5-mercapto-l,2,4-triazole AMMT 
6. 4-amino-3-ethyl-5-mercapto-l, 2,4-triazole AEMT 
7. 4-amino-3-propyl-5-mercapto-l, 2,4-triazole APMT 
8. 4-amino-3-butyl-5-mercapto-l, 2, 4-triazole ABMT 
9. 4-(N,N - dimethylamino) benzylidene^imino-3-hydrazino-
5-mercapto-l,2,4-triazole DIHMT 
10. 4-vanilideneimino-3-hydrazino-5-mercapto-
1,2,4-triazole VIHMT 
11. 4-cinnamylidene imino-3-hydrazino-5-mercapto-
1,2,4-triazole CIHMT 
12. 4-ben2ylideneimino-3-hydrazino-5-mercapto-
1,2,4-triazole BIHMT 
13. 4 - (N, N- dime%lamino) benzylidene f imino-3-propyl-5-
mercapto-1, 2,4-triazole DIPMT 
14. 4-ben2yIidene imino-3-propyl-5-mercapto-
1,2,4-triazole BIPMT 
15. 4-salicylideneimino-3-propyl-5-mercapto-
1,2,4-triazole SIPMT 
16. 4-cirmamylidene imino-3-propyl-5-mercapto-
l,2,4-tria2ole CIPMT 
17. 2- (N,N- dimethylamino) benzylidine imino-
4-(4-methyl phenyl)- 1, 3-thiazole DIMPT 
18. 2- benzylidene imino-4-(4-methyl phenyl)-
1,3-thiazole BIMPT 
19. 2-salicylidene imino-4-(4-methyl phenyl)-!, 3-thiazole 
20. 2-cinnamylidenei imino-4-(4-methyl phenyl)-
1, 3-thiazole 
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SIMPT 
CIMPT 
2.4 SYNTHESIS OF GEMINI SURFACTANTS [1] (SCHEME-1) 
Gemini surfactants were prepared from dibromoethane and the 
corresponding alkyl amine in absolute ethanol under reflux for 24 hour. After 
rotatory evaporation of the ethanol, a product was obtained. The resulting 
product was recrystallised in pure acetone and acetone-ethanol mixtures. 
Characterization data of the compounds are given below: 
Compound 
No. 
1. 
2. 
3. 
4. 
Name of the 
compounds 
(Abbreviated) 
BEAB 
HEAB 
DDEAB 
HDEAB 
Yield 
(%) 
72.5 
67.19 
67.25 
64.14 
m.p. 
(°C) 
201-202 
256-257 
151-152 
101-102 
Rf value 
Pet: E.A 
(5:1) 
0.42 
0.38 
0.64 
0.33 
FT-IR(KBr)v„,axCm-': 
HEAB = 3449 (>NH), 2918 (CH3), 2851 (CH2), 1469 (C - N). 
DDEAB = 3461 (>NH), 2946 (CH3), 2859 (CH2), 1471 (C - N). 
HDEAB = 3481 (>NH), 2926 (CH3), 2852 (CH2), 1469 (C - N). 
2.5 SYNTHESIS OF TRIAZOLES (SCHEME-2) 
2.5.1 PREPARATION OF THIOCARBOHYDRAZIDE [2] 
To a vigorously stirred solution of 250 grams of 100% hydrazine hydrate 
(5 mol), 150 ml of water, 76 grams (1 mol) of carbon disulphide wag added '\ 
dropwise. The reaction mixture was then heated at reflux for 30 minutes.iv»-i 
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E^ ooled in ice bath for 30 minutes. The precipitated thiocarbohydrazide was 
filtered off, washed with ethanol and ether and air-dried and ^ crystallized from / 
minimum amount of water acidified with a few drops of concentrated HCl. 
2.5.2 PREPARATION OF TRIAZOLES [3] 
A mixture of thiocarbohydrazide (10 g) and an acid (50 ml) was heated 
under reflux for 3-4 hour. The reaction mixture was cooled to room 
temperature. The residual solid thus obtained was crystallized from ethanol. 
Characterization data of the compounds are given below: 
H 
Compound 
No. 
5. 
6. 
7. 
8. 
Name of the 
compounds 
(Abbreviated) 
AMMT 
AEMT 
APMT 
ABMT 
Yield 
(%) 
59.58 
63.14 
55.14 
51.40 
m.p. 
(°C) 
202 - 203 
148-149 
103-104 
60-61 
Rf value 
Benzene: E.A. 
10:1 
0.73 
0.60 
0.46 
0.54 
FT-IR(KBr)v„axCm-': 
A M M T = 3200 (N - H), 3075 (N - N), 2940 (CH3), 2560 (S - H), 
1631 (C = N), 1240 (C - N), 1105 (C - S). 
AEMT - 3212 (N - H), 3119 (N - N), 2946 (CH3), 2766 (CH2), 
2575 (S - H), 1614 (C = N), 1236 (C - N), 1094 (C - S). 
APMT = 3095 (N - H), 3064 (N - N), 2946 (CH3), 2766 (CH2), 
2585 (S - H),I595 (C = N), 1286 (C - N), 1056 (C - S). 
ABMT = 3200 (N - H), 3110 (N - N), 2940 (CH3), 2760 (CH2), 
2560 (S - H), 1614 (C = N), 1240 (C - N), 1093 (C - S). 
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2.6 SYNTHESIS OF 4 - AMINO - 3 -HYDRAZINO - 5 -
MERCAPTO - 1, 2, 4 - TRIAZOLE AND ITS 
CODENSATION PRODUCTS 
2.6.1 SYNTHESIS OF 4 - AMINO - 3 - HYDRAZINO - 5 -
MERCAPTO - 1 , 2,4 - TRIAZOLE [4] (SCHEME-3) 
A mixture of Thiourea (10 g) and hydrazine hydrate (100 ml) was 
heated, under reflux for 2-3 hour. The reaction mixture was cooled in ice and 
neutralized with dilute hydrochloric acid, the precipitate thus obtained was 
filtered and crys^tallized from ethanol. 
2.6.2 SYNTHESIS OF CONDENSATION PRODUCTS OF 4 - AMINO -
3 - HYDRAZINO - 5 - MERCAPTO - 1, 2, 4 - TRIAZOLE [5] 
(SCHEME-4) 
An equimolar mixture of 4-amino-3-hydr«lzino-5-mercapto-l, 2, 4-
triazole and suitable aldehydes was dissolved in absolute alcohol, two drops of 
piperdine was added and refluxed for 3 hour. A product so obtained was 
purified by crystallizing with ethanol. 
Characterization data of the compounds are given below: 
Compound 
No. 
9. 
10. 
11. 
12. 
Name of the 
compounds 
(Abbreviated) 
DIHMT 
VIHMT 
CIHMT 
BIHMT 
Yield 
(%) 
70.29 
82.23 
79.92 
74.42 
m.p. 
(°C) 
215-216 
226 - 22 
222 - 223 
245 - 246 
Rf value 
Pet: E.A. 
(6:1) 
0.40 
0.46 
0.57 
0.48 
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FT-IR(KBr)v„axCm"' : 
VIHMT= 3315(O-H),3250(N-H),3014(N-N),2590(S-H), 
1614 (C = N), 1496 (CfiH.s), 1273 (C -N), 1112 (C - S), 
1032(C-O-C). 
CIHMT = 3184 (N - H), 3012 (N - N), 2555 (S - H), 1618 (C = C), 
1583 (C = N), 1431 (C6H5), 1280 (C -N), 1113 (C - S). 
BIHMT= 3250 (N - H), 3014 (N - N), 2565 (S - H), 1614 (C = N), 
1497 (CfiHs), 1236 (C - N), 1118 (C - S). 
2.7 SYNTHESIS OF 4 - AMINO - 3 -PROPYL - 5 - MERCAPTO 
-1 ,2 ,4 - TRIAZOLE AND ITS CODENSATION PRODUCTS 
2.7.1 SYNTHESIS OF 4 - AMINO - 3 - PROPYL - 5 - MERCAPTO -
1, 2, 4 - TRIAZOLE [3] (SCHEME-5) 
A mixture of thiocarbohydrazide (10 g) and n-butyric acid (50 ml) was 
heated under reflux for 3-4 hour. The reaction mixture was cooled to room 
temperature. The residual solid thus obtained was crystallized from ethanol. 
2.7.2 SYNTHESIS OF CONDENSATION PRODUCTS OF 4 - AMINO 
- 3 - PROPYL - 5 - MERCAPTO - 1, 2, 4 - TRIAZOLE [6] 
(SCHEME-6) 
An equimolar mixture of 4-amino-3-propyl-5-mercapto-l, 2, 4-triazole 
and suitable aldehydes was dissolved in absolute alcohol; two drops of 
piperdine was added as a catalyst and refluxed on a water bath for 3 hour. On 
cooling the reaction mixture gave solid product, which was purified by 
crystallizing with ethanol. 
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Characterization data of the compounds are given below: 
Compound 
No. 
13. 
14. 
15. 
16. 
Name of the 
compounds 
(Abbreviated) 
DIPMT 
BIPMT 
SIPMT 
CIPMT 
Yield 
(%) 
71.97 
84.80 
88.17 
81.25 
m.p. 
(°C) 
190-191 
124-125 
145-146 
148-149 
Rf value 
Benzene:E.A. 
(10:1) 
0.36 
0.69 
0.52 
0.65 
FT-IR(KBr)v„«,cm-': 
DIPMT = 3010 (N-N), 
1610 (C = N), 
1063 (C-S). 
BIPMT = 3132 (N-N), 
1585 (C = N), 
SIPMT = 3450 (0-H), 
2585 (S-H), 
1112(C-S). 
CIPMT = 3070 (N-N), 
1620 (C = N), 
1168 (C-S). 
2958 (CHj), 2760 (CHj), 2575 (S - H), 
1490 (CfiHs), 1372 (N - C tert), 1279 (C -N), 
2953 (CHj), 2760 (CHj), 2580 (S - H), 
1413 (CfiHs), 1284 (C-N), 1109(C-S). 
3070 (N - N), 2940 (CH3), 2766 (CHj), 
1620 (C = N), 1410 (CeHs), 1255 (C - N), 
2971 (CH3), 2872 (CH2), 2585 (S - H), 
1618 (C = C), 1496 (CfiHs), 1304 (C -N), 
2.8 SYNTHESIS OF 2-AMINO-4-METHYL PHENYL 
THIAZOLE AND ITS CONDENSATION PRODUCTS 
2.8.1 SYNTHESIS OF 2-AMINO-4-METHYL PHENYL THIAZOLE [7] 
(SCHEME-7) 
An equimolar mixture of methyl phenacyl bromide and thiourea was 
refluxed on water bath in 50 ml of anhydrous ethanol for 5 hours. On cooling, a 
light yellow precipitate was obtained. It was crystallized from ethanol. 
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2.8.2 SYNTHESIS OF CONDENSATION PRODUCTS OF 2-AMINO-4-
METHYL PHENYL THIAZOLE [8] (SCHEME-8) 
An equimolar mixture of 2-amino-4-methyl phenyl thiazole and suitable 
aldehydes was dissolved in absolute alcohol, two drops of piperdine were 
added and refluxed on a water bath for 2-3 hours. The reaction mixture was 
poured in ice cold water, the solid thus separated was fihered and crystallized 
with ethanol. 
Characterization data of the compounds are given below: 
Compound 
No. 
17. 
18. 
19. 
20. 
Name of the 
compounds 
(Abbreviated) 
DIMPT 
BIMPT 
SIMPT 
CIMPT 
Yield 
(%) 
84.90 
83.26 
97.98 
90.17 
m.p. 
(°C) 
147-148 
203 - 204 
121-122 
132-133 
Rf value 
Benzene:E.A. 
(10:1) 
0.48 
0.56 
0.42 
0.61 
cm FT-IR (KBr) v„,,, 
DIMPT = 2952 (CH3), 1618 (C = C), 1602 (C = N), 1447 (CeHj), 
1372 (N - C tert.), 1224 (C - N), 1156 (C - S). 
BIMPT = 2980 (CH3), 1631 (C = N), 1630 (C = C), 1446 (CgHs), 
1290 (C-N), 1159(C-S). 
CIMPT = 2952 (CH3), 1670 (C = N), 1620 (C = C), 1441 (CgHs), 
1298 (C-N), 1125(C-S). 
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R 
1 
C H 3 - ( C H 2 ) n - C -
1 
R 
R 1 
CH3-(CH2)„-C-
1 
R 
H H R 
1 1 1 
-N+Br—(CH2)2—Br +N—C—(CHs)^ — CH3 
1 1 1 
H H R 
Reflux 
1 
Absolute 
alcohol 
H H R 
1 1 1 
-N^(CH2)2 — N ^ C —(CH2)n — CH3 2Br-
1 1 1 
H H R 
l.R = CH3,n = 0 
2. R = H,n = 4 
3. R = H,n=10 
4. R = H,n=14 
SCHEME - 1 
N ' N 
C H OH 
H2NHN—C —NHNH2 +R — COOH - ^ - 4 • y \ ^ ^ \ ^ , , 
ZA R / ^ N ' ^ S H 
NHn 
S = C = S + NH2NH2 
SCHEME - 2 
5. R = CH3 
6. R = C2H5 
7. R = C3H7 
8. R = C4H9 
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HjN—C—NH2 + NH2NH2 
Reflux 
- N N 
HoNHN^'^N- '^^SH 
NH2 
SCHEME -3 
N N R2 R3 
II 11 " W 
H2NHN' '^-N' ' ' ' ^SH + R,—<( y—(CH = CH)n—CH = 0 
NH2 
C2H5OH 
N N 
II II ^ 
H2NHN'^'^N''^^^SH 1 
A 
R3 R2 
N = CH—(CH = CH)n—4^ / ~ ^ i 
CH 
9. R ,=N<^^^ \R2 = R3 = H,n = 0 
10. R, = OH, R2 = OCH3 , R3 = H, n = 0 
U.R, = R2 = R3 = H, n = l 
12. R, = R2 = R3 = H, n = 0 
SCHEME - 4 
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s 
H2NHN—C—NHNH2+CH3 —(CH2)2—COOH ^^HsQH^ [j | | 
1 H,C3'^N'^SH 
NH2 
S = C = S + NH2NH2 
SCHEME - 5 
N N 
II II 
R2 R-! 
iL ...+ '^ i ~ \ _ / ~ ( ^ " = ^ ")" - CH = O 
NH, 
C2H5OH A 
N N 
II II 
N = CH—(CH = CH)n—<. ,)—Ky 
R3 R2 
, / C H 3 
13.R, = N ^ ^ j ^ ,R2 = R3 = H,n = 0 
14.R, = R2 = R3 = H,n = 0 
15.R, = R2 = H, R3 = 0H, n = 0 
16. R, =R2 = R3 = H, n= 1 
SCHEME - 6 
CH^-\ ^-COCHjBr + NHj—C—NHj 
Br2 
CH 
-O-COCH3 CH3 
SCHEME - 7 
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S" ^ N H , 
CH, 
CH, 
R7 R, 
+ R, 
-N \ / 
-(CH = CH)n —CH = 0 
S" ^NH2 
C2H5OH A 
V 1 
R3 R2 
g / \N-CH—(CH = CH)n-
/CH3 
\ / 
R, 
17.R, = N ^ ^ ^ ^ , R 2 = H,R3 = H,n 
18. R, = R2 = R3 = H, n = 0 
19. R, = R2 = H, R3 = 0H, n = 0 
20. R, =R2 = R3 = H, n = l 
SCHEME - 8 
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2.9 DETERMINATION OF THERMODYNAMIC PARAMETERS 
2.9.1 DETERMINATION OF ACTIVATION ENERGY 
The values of activation energy (Ea) were calculated using the Arrhenius 
equation: 
In (r2 / r,) = (- Ea x AT) / (R x Tz x T,) 
where ri and T2 are corrosion rate at temperature Ti and T2 respectively, AT is 
the difference in temperature (Ti - T2). 
2.9.2 DETERMINATION OF FREE ENERGY OF ADSORPTION 
The free energy of adsorption at different temperatures was calculated 
using the equation given below: 
AGads = -RTln(55.5K) 
and K is given by : 
K - 0 / C ( l - e ) 
where 0 is degree of coverage on the metal surface, C is concentration of 
inhibitor in mole/lit, T is temperature, R is a constant and K is equilibrium 
constant. 
2.10 TECHNIQUES USED 
The experimental work was carried out with the help of the following 
techniques: 
2.10.1 TECHNIQUES USED FOR THE CHARACTERIZATION OF 
THE SYNTHESIZED COMPOUNDS 
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i. Determination of melting point 
Melting points were recorded on a Kofler hot block apparatus and are 
uncorrected. 
ii. Determination of Rr valu es 
Rf values were observed by thin layer chromatography using Silica -
Gel G2S4 (MERCK). Iodine was used for visualization of the TLC plates. 
iii. FT-IR spectroscopy 
IR spectra were obtained in KBr with SPECTROLAB Model No 
Interspec 2020 spectrometer. IR values are given in cm~'. 
2.10.2 TECHNIQUES USED FOR THE CORROSION STUDY 
i. Weight loss method 
The specimens of required size of mild steel were mechanically polished 
with 1/0 to 4/0 grade of emery papers. In each specimen a 1.5 mm diameter 
hole was drilled for mounting the specimen. After polishing, the specimen^ere 
washed with distilled water and degreased with trichloroethylene. The clear 
and dry specimens were measured for the total surface area with outmost 
accuracy, using the following equation : 
A = 2(lb + lt + bt-7ir^ + 7rrt) (1) 
where 
t = thickness of the specimen in cm. 
b = width of the specimen in cm 
1 = length of the specimen in cm, and 
r = radius of the mounting hole 
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The weight of the specimen was measured before exposing it to the 
corrodent solution on a sartorious balance. The test solutiorjj were prepared 
from acids of AR grade and double distilled water. The volume of the test 
solution per square centimeter was maintained at about 20 ml as per ASTM 
method, to avoid any appreciable change in its corrosivity during the test, either 
through exhaustion of corrosive constituent or by accumulation of corrosion 
products that might affect further corrosion. The inhibitor concentration, 
solution temperature, testing duration and acid concentration were varied with 
the purpose of the test, nature of the test materials and the apparatus used. The 
test conditions were controlled throughout the test in order to ensure 
reproducible results. After a definite exposure of time, the specimen was taken 
out and washed with miming water. The corrosion product on the steel surface, 
if any, was removed mechanically by rubbing with brush. The specimen were 
then dried and loss in weight was recorded. The thermostatic water bath 
(accuracy ± 1 "C) was used for carrying out the weight loss experiments at 
various temperatures. Covered beakers for acidic solutions were used for 
immersion corrosion test. The percentage inhibition efficiency (I.E. %) and the 
surface coverage (9) were calculated using the following equations : 
% I. E. = {( CR° - CR) / CR°} X 100 (2) 
e = (CR"-CR)/CR'' (3) 
where 
CR° = corrosion rate in uninhibited system, and 
CR = corrosion rate in inhibited system 
The average corrosion rate was obtained by the use of the following equation. 
Corrosion rate = KW / ATD (4) 
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where: 
K = a constant (8.76 X lO"* for mmpyy 
W = weight loss in gm to the nearest 1 mg. 
A = area in cm^ to the nearest 0.01 cm^ 
T = time of exposure in powers to the nearest 0.01 hours and 
D = density in gm / cm"' 
ii. Potentiodynamic polarization technique 
Working electrodes of size 1 cm x 1 cm with tag of 4 cm were cut from 
the steel of same composition and polished with 1/0 to 4/0 of emery papers. 
The specimens were then washed with distilled water and finally degreased 
with trichloroethylene. The unwanted area of the working electrode was coated 
with a lacquer to get a well defined working area of 1 cm .^ The 
potentiodynamic polarization studies were carried out using EG & G PARC 
potentiostat / galvanostat (model 173), universal programmer (model 175) and 
X-Y recorder (model RE 0089). A platinum foil and saturated calomel 
electrode were used as auxiliary and reference electrode, respectively. The 
polarization curves were obtained after immersion of the electrode in the 
solution for 30 minutes until reaching steady state. The percentage inhibition 
efficiency j j ^ calculated using the following equation : 
%I.E. = '^ °"° ^'°"' X 100 (5) 
where Icorro and Icorri are current densities without and with inhibitor 
respectively. 
iii. Electrochemical Impedance Technique 
In this techniques a three electrode assembly which consists of mild 
steel strip as working electrode, platinum as auxiliary electrode and calomel as 
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reference electrode was used. The specimen, so called working electrode was 
polished with emery paper of grade 1/0 to 4/0 and degreased with 
trichloroethylene and then immersed in the test solution present in the cell. The 
connection of all the electrodes were made as shown in the block diagram of 
the circuit (Figure 2.1). A time interval of 15-20 minutes was given for the 0. 
C. P. to read a steady value. 
Impedance measurements were performed at Ecorr with the ac voltage 
amplitude + 5mV in the frequency range from 5Hz - lOOKHz. All the 
measurements were carried out by a EG & G Potentiostat / Galvanostat (model 
273A) and EG & G Lock - in - Amplifier (model 5301 A) using an IBM 
computer. 
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Figure 2.1 Block diagram of impedance setup. 
The values of Ri and Cji were obtained using the Nyquist Plot and Bode 
Plot respectively. In acidic medium the values of solution resistance (Rs) being 
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negligible, the Rs + Rt values -has-fee i^- taken as Rt. The percentage inhibition 
efficiency were calculated using the following equation : 
l/R,o-l/Rti 
% I.E. = X 100 (6) 
1/R.o 
where R, o and R, •, are charge transfer resistance without and with inhibitor 
respectively. 
Cdi values were calculated from the frequency at which the imaginary 
component of impedance was maximum (Zjm max) using the following equation. 
27lf,„ax R . 
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The surfactants have been used as corrosion inhibitors by some authors 
[1-7]. Recently the new class of surfactants so called gemini surfactants have 
been investigated as corrosion inhibitors for acid solution [8]. These surfactants 
are constituted by two non - terminal hydrophilic groups and two hydrophobic 
groups per molecule separated by a spacer. These surfactants show superior 
performance as compared to conventional surfactants, which are made up of 
one polar and one hydrophilic moiety. They have much lower cmc (s) and have 
better wetting properties [9-15]. 
In present study, the influence of some gemini surfactants on corrosion 
inhibition of mild steel in IN H2SO4 and IN HCl has been investigated by 
weight loss, potentiodynamic polarization and electrochemical impedance 
method. The names, molecular structures and other details of gemini 
surfactants are given in Table -3.1.1. 
3.1.1 WEIGHT LOSS STUDIES 
The various corrosion parameters such as percentage inhibition 
efficiency and corrosion rate for mild steel in IN HCl and IN H2SO4 in the 
absence and presence of various gemini surfactants at different concentrations 
at 30°C are summarized in Table - 3.1.2. It has been observed from the results 
that inhibition efficiency for all the compounds increases with the increase in 
concentration. The maximum inhibition efficiency for each compound was 
achieved at 250 ppm in HCl and 500 ppm in H2SO4. Further increase in 
concentration did not cause any appreciable change in the performance of 
inhibitor. 
The effect of inhibitor concentration, solution temperature, immersion 
time and acid concentration on inhibition efficiency of gemini surfactants Ijas 
been shown in Figures 3.1.1 and 3.1.2 respectively. The following observations 
have been noted: 
A 
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Table 3.1.1 Name and structures of the compounds studied 
S.No. Structure Designation and Abbreviation 
CH3 H H CH3 N-trimethyl butane 
1. CH3—C—N—CH2—CH2—N"^C—CH3 2Br- " f^ ' "^ ' ^ !^?^^?" 
CH3 H H CH3 
ammonium bromide 
(BEAB) 
H H 
2. CH3—(CH2)5 —N —CH2 —CH2—N"—(CH2)5 —CH3 2Br- N-hexane-diyl-
I I 1,2-ethanebis 
L I T_T 
" ammonium bromide 
(HEAB) 
H H N-dodecane-diyl-
3 .CH3—(CH2), ,—N—CH2-CH2-K^(CH2)„—CH3 2Br- 1.2-ethanebis 
J^  I ammonium bromide 
H H (DDEAB) 
I ^ N-hexadecane-diyl-
4.CH3—(CH2)i5—N^*^CH2—CH2—N^—(CH2)i5—CH3 2Br- 1,2-ethanebis 
X ' ammonium bromide 
" (HDEAB) 
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Table 3.1.2 Corrosion parameter for mild steel in IN H2SO4and IN HCl in 
absence and presence of different concentrations of various 
inhibitors from weight loss measurements at room temperature. 
Cone. 
(ppm) 
Blank 
BEAB 
25 
50 
100 
200 
300 
400 
500 
HEAB 
25 
50 
100 
200 
300 
400 
500 
DDEAB 
25 
50 
100 
200 
300 
400 
500 
HDEAB 
25 
50 
100 
200 
300 
400 
500 
Weight 
Loss 
(mg) 
198.17 
98.2 
89.4 
77.7 
75.0 
70.1 
66.5 
66.2 
16.0 
15.1 
11.8 
8.3 
6.9 
6.2 
4.1 
15.6 
14.1 
11.4 
7.7 
5.7 
5.2 
3.9 
15.2 
12.1 
9.3 
7.7 
4.9 
3.6 
2.5 
IN H2SO4 
I.E. 
(%) 
-
50.4 
54.9 
61.1 
62.2 
64.6 
66.4 
66.7 
91.9 
92.4 
94.0 
95.8 
96.5 
96.9 
97.9 
92.1 
92.9 
94.2 
96.1 
97.1 
97.9 
98.0 
92,3 
93.9 
95.3 
96.1 
97.5 
98.9 
98.7 
C.R. 
(mmpy) 
73.62 
36.48 
33.21 
28.61 
27.86 
26.04 
24.70 
24.52 
5.94 
5.61 
4.38 
3.08 
2.56 
2.30 
1.52 
5.80 
5.24 
4.23 
2.86 
2.12 
1.93 
1.45 
5.65 
4.50 
3.45 
2.86 
1.82 
1.34 
0.93 
INHCl 
Cone. 
(ppm) 
Blank 
BEAB 
25 
50 
100 
150 
200 
250 
HEAB 
25 
50 
100 
150 
200 
250 
DDEAB 
25 
50 
100 
150 
200 
250 
HDEAB 
25 
50 
100 
150 
200 
250 
Weight 
Loss 
(mg) 
143.53 
63.7 
55.3 
52.0 
49.9 
48.0 
47.6 
7.2 
6.2 
3.1 
1.9 
1.5 
1.2 
6.9 
4.5 
1.3 
1.0 
0.6 
0.4 
4.5 
3.2 
1.3 
0.7 
0.5 
0.3 
I.E. 
(%) 
-
55.6 
61.9 
63.8 
65.2 
66.6 
66.8 
95.0 
95.7 
97.8 
98.7 
98.9 
99.2 
95.2 
96.9 
99.1 
99.3 
99.6 
99.7 
96.9 
97.8 
99.1 
99.5 
99.6 
99.8 
C.R. 
(mmpy) 
53.32 
23.66 
20.54 
19.32 
18.54 
17.83 
17.68 
2.64 
2.30 
1.15 
0.71 
0.56 
0.45 
2.56 
1.67 
0.48 
0.37 
0.22 
0.15 
1.67 
1.19 
0.48 
0.26 
0.19 
0.11 
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(i) the inhibition efficiency of all the tested compounds increases with 
increase in concentration of inhibitors. Maximum inhibition efficiency 
was found at 250 ppm in HCl and 500 ppm in H2SO4. 
(ii) the inhibition efficiency of all the compounds except for BEAB does not 
show any significant change in HCl with the increase in temperature 
from 30-50°C while in case of H2SO4 jr inhibition efficiency increases H 
slightly at 40°C and decreases at SO^C. The inhibition efficiency of 
BEAB decreases with increase in temperature. 
(iii) inhibition efficiency of all the gemini surfactants except for BEAB does 
not show any significant change with increase in immersion time from 3 
to 24 hours. The inhibition efficiency decreases for BEAB with increase 
in immersion time from 3 to 24 hours. 
(iv) the change in concentration of HCl did not cause any significant change 
in inhibition efficiency for all the gemini surfactants except for BEAB 
while in case of H2SO4 the inhibition efficiency increases slightly in 2N 
and decreases in 3N H2SO4. The inhibition efficiency of BEAB 
decreases with increase in acid concentration. 
Corrosion inhibition of mild steel in acidic solutions by gemini 
surfactants can be explained on the basis of adsorption. These compounds 
inhibit the corrosion by controlling both the anodic and cathodic reactions. 
The order of inhibition efficiency of gemini surfactants has been found 
as follows : 
HDEAB > DDEAB > HEAB > BEAB. 
The difference in inhibition efficiency of gemini surfactants can be 
explained on the basis of number of carbon atoms in alkyl chain length. The 
inhibition efficiency increases with increase in number of carbon atoms in the 
chain length [8]. The lowest inhibition efficiency exhibited by BEAB may be 
4iA pv < ' • • T •: 
attributed to rmuspti bjf tertiary butyl group [16]. 
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The values of activation energy (Ea) and free energy of adsorption 
(AGads) at different temperatures are given in Table - 3.1.3. It is found that Eg 
values are higher in the presence of inhibitor, indicating that those inhibitors 
are more effective at room temperature and less effective at higher temperature 
[17]. The low and negative values of AGads suggest spontaneous adsorption of 
inhibitors on the mild steel surface [18]. 
Table 3.1.3 Activation energy (£«) and free energy of adsorption (AGads) for 
mild steel in IN H2SO4 and IN HCl in the absence and presence 
of various inhibitors. 
System 
IN H2SO4 
BEAB 
HEAB 
DDEAB 
HDEAB 
IN HCI 
BEAB 
HEAB 
DDEAB 
HDEAB 
Ea 
(K. Cal/mol) 
7.85 
9.28 
17.47 
12.76 
14.51 
8.16 
9.52 
6.71 
14.78 
16.59 
AGads 
(K. Cal/mol) 
SO^C 
--
6.55 
8.77 
9.01 
9.39 
--
9.87 
10.75 
11.03 
7.10 
40"C 
--
6.63 
9.11 
9.50 
9.24 
--
7.21 
10.22 
10.60 
10.71 
50"C 
--
6.82 
8.68 
9.29 
9.58 
--
7.43 
10.73 
11.03 
11.18 
3.1.1.1 ADSORPTION ISOTHERM STUDIES 
The surface coverage values (0) were evaluated using corrosion rate 
values obtained from weight loss method. 6 values for different concentrations 
of mhibitors were tested graphically by fitting to various isotherms. A plot of 
log (0/1-0) against log C for different concentrations shows a straight line 
indicating the adsorption from both acids follows the Langmuir adsorption 
isotherm (Figure 3.1.3) 
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Figure 3.1.3 Langmuir adsorption isotherm plots for the adsorption of various 
inhibitors in (a) IN HCl and (b) IN H2SO4 on the surface of mild 
steel. 
• BEAB, 0 HEAB, A DDEAB, • HDEAB 
89 
3.1.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The potentiodynamic polarization curves of miid steel in IN HCl and IN 
H2SO4 in the absence and presence of different inhibitors at 250 ppm in HCl 
and at 500 ppm concentration at 30+2°C are shown in Figure 3.1.4. 
Electrochemical parameters such as corrosion current density (Icotr), corrosion 
potential (Ecorr) and inhibition efficiency (I.E.) .afe-calculated from Tafel plots 
jtfiff given in Table - 3.1.4. It is observed that U-orr values decreases significantly 
in the presence of inhibitors. Maximum decrease in ICOIT was observed at 250 
ppm in HCl and 500 ppm concentration in H2SO4 for each of these compounds. 
Maximum decrease in Icon was observed for HDEAB among the gemini 
surfactants. All the gemini surfactants do not show any significant change in 
Ecorr values suggesting that all these compounds are mixed type inhibitors. 
Table 3.1.4 Electrochemical polarization parameters for the corrosion of 
mild steel at 250 ppm concentration in IN HCl and 500 ppm 
concentration in IN H2SO4 of various inhibitors at 30+2°C. 
System 
IN H2SO4 
BEAB 
HEAB 
DDEAB 
HDEAB 
IN HCl 
BEAB 
HEAB 
DDEAB 
HDEAB 
F 
*-'coi r 
(mV vs SCE) 
-550 
-550 
-566 
-566 
-560 
-456 
-444 
-450 
-454 
-456 
(mA. c m ' ) 
0.370 
0.130 
0.035 
0.030 
0.022 
0.350 
0.120 
0.020 
0.018 
0.017 
I.E. (%) 
--
64.86 
90.54 
91.89 
94.05 
--
65.70 
94.29 
97.71 
98.00 
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Figure 3.1.4 Potentiodynamic polarization curves for mild steel in (a) IN HCl 
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3.1.3 ELECTROCHEMICAL IMPEDANCE STUDIES 
One of the gemini surfactants (HDEAB) has been investigated by AC 
impedance studies. Nyquist plots obtained for the frequency of 5Hz - 100 KHz 
at the open circuit potential (OCP) for mild in IN HCl in the presence and 
absence of different concentration of a gemini surfactants at 22+1 "C are shown 
in Figure 3.1.5. It is seen from these figures that the Nyquist plots obtained are 
not perfect semicircle, and this difference may be attributed to frequency 
dispersion [19]. The charge transfer resistance (Rt) has been calculated using 
Nyquist plots from the difference in the impedance at low and high frequencies 
as suggested by tlaruyama and Tsuru- [20]. Double layer capacitance (Cdi) 
values were calculated using Bode Plots [21]. It is seen that the addition of 
increasing concentrations of DDEAB increases Rt values and decreases Cdi 
values in IN HCl. These observations indicate that the corrosion of mild steel 
in IN HCl is mainly controlled by charge transfer process and the inhibition of 
corrosion occurs by adsorption mechanism [22]. 
Table 3.1.5 Electrochemical impedance parameters for mild steel in IN HCl 
containing different concentration of DDEAB at 22+TC. 
Cone. 
(ppm) 
IN HCl 
HDEAB 
50 
250 
R. 
(Ohm cm )^ 
1.74 
14.61 
45.00 
Cdi 
(nfcm'^) 
1659.58 
151.36 
19.95 
I.E. 
(%) 
-
88.10 
96.14 
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Figure 3.1.5 Impedance plots for mild steel in IN HCl 
(a) Nyquist plot (1. Blank; 2. 50 ppm DDEAB; 3. 250 ppm 
DDEAB) 
(b) Bode plot (1. Blank; 2. 50 ppm DDEAB; 3. 250 ppm 
DDEAB) 
93 
3.1.4 CONCLUSIONS 
The main conclusions drawn from these studies are : 
1. All the compounds except BEAB show good performance as corrosion 
inhibitors in acidic solutions. 
2. The adsorption of all the compounds on the mild steel surface from the 
acidic solution obeys Langmuir isotherm. 
3. All the compounds examined acted as mixed inhibitors in IN HCl and 
IN H2SO4. 
4. Addition of increasing concentration of DDEAB decreases Cji values 
and increases Rt values and % I.E. 
^acn^i-i 
'-P»-<SK 
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Azoles are excellent corrosion inhibitors for copper [23-24], zinc [25], 
bronze [26] and steel [27-30]. Azoles have also been reported to exhibit wide 
range of biological activities [31-42], 
In the present work, alkyl substituted triazoles have been synthesized to 
investigate their influence on corrosion inhibition of mild steel in 20% formic 
acid and 20% acetic acid. The names, molecular structures and other details of 
these inhibitors are given in Table - 3.2.1. 
3.2.1 WEIGHT LOSS STUDIES 
The values of percentage inhibition efficiency and corrosion rates for 
mild steel in 20% formic and acetic acid obtained from weight loss method at 
different concentrations at 30°C are summarized in Table - 3.2.2. It has been 
observed from the results that inhibition efficiency for all the compounds 
increases with the increase in concentration. The maximum inhibition of each 
compound was achieved at 500 ppm in 20% formic acid and 20% acetic acid 
and further increase in concentration did not cause any appreciable change in 
the performance of the inhibitors. 
The influence of inhibitor concentration, solution temperature, 
immersion time and acid concentration on inhibition efficiency of alkyl 
substituted triazoles has been shown in Figures 3.2.1 and 3.2.2. It is seen that: 
(i) the inhibition efficiency for alkyl substituted triazoles increases with 
increase in inhibitor concentration in both the acids. Maximum 
inhibition efficiency was found at 500 ppm. 
(ii) the inhibition efficiency decreases with increase in temperature from 30 
to 50°C. The decrease of inhibition efficiency with temperature may be 
attributed to desorption of the inhibitor molecules from metal surface at 
higher temperature [44]. 
Table 3.2.1 Name and structures of the compounds studied 
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S.No. Structure Designation and Abbreviation 
N N 
X X 
I 
NH, 
4-amino-3-methyl-5-
merc^to-1,2,4-triazole 
(AMMT) 
N N 
A A 4-amino-3 -etiiyI-5 -mercapto-1,2,4-triazole 
(AEMT) 
N N 
X X 
C3H7^^N''''^-SH 
NH2 
4-amino-3-propyl-5-
mercq)to-l ,2,4-.triazole 
(APMT) 
N N 
X X 
NH2 
4-amino-3-butyl-5-
mercapto-1,2,4-triazole 
(ABMT) 
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Table 3.2.2 Corrosion parameters for mild steel in 20% formic acid and 20% 
acetic acid in absence and presence of different concentrations of 
various inhibitors from weight loss measurements at room 
temperature. 
Cone, 
(ppm) 
Blank 
AMMT 
50 
100 
200 
300 
400 
500 
AEMT 
50 
100 
200 
300 
400 
500 
APMT 
50 
100 
200 
300 
400 
500 
ABMT 
50 
100 
200 
300 
400 
500 
20% Formic acid 
Weight 
loss 
(mg) 
311.06 
35.3 
26.2 
20.1 
19.2 
15.5 
11.2 
27.9 
23.2 
19.9 
17.5 
13.2 
10.1 
19.3 
17.5 
13.3 
11.9 
9.2 
7.5 
12.8 
10.9 
8.9 
8.0 
6.3 
5.1 
I.E. 
(%) 
-
88.6 
91.6 
93.6 
93.8 
95.0 
96.4 
91.0 
92.5 
93.6 
94.4 
95.8 
96.7 
93.8 
94.4 
95.7 
96.2 
97.0 
97.6 
95.9 
96.5 
97.2 
97.4 
98.0 
98.3 
C.R. 
(mmpv) 
14.45 
1.64 
1.22 
0.93 
0.89 
0.72 
0.52 
1.30 
1.08 
0.92 
0.81 
0.61 
0.47 
0.90 
0.81 
0.62 
0.55 
0.43 
0.35 
0.59 
0.51 
0.41 
0.37 
0.29 
0.24 
20% Acetic acid 
Weight 
loss 
(mg) 
151.87 
27.2 
22.9 
17.2 
16.2 
13.7 
13.1 
20.1 
19.9 
15.3 
I I . 9 
10.5 
9.2 
17.1 
15.3 
12.5 
10.4 
10.1 
9.0 
10.2 
8.7 
6.2 
5.3 
4.9 
4.4 
I.E. 
(%) 
-
82.1 
85.0 
88.6 
89.4 
91.5 
91.3 
86.8 
86.9 
89.9 
92.2 
93.0 
93.9 
88.8 
89.9 
91.8 
93.1 
93.3 
94.0 
93.3 
94.3 
95.9 
96.4 
96.7 
97.2 
C.R. 
(mmpy) 
7.05 
1.26 
1.06 
0.80 
0.75 
0.60 
0.61 
0.93 
0.92 
0.71 
0.55 
0.49 
0.43 
0.79 
0.71 
0.58 
0.48 
0.47 
0.42 
0.47 
0.40 
0.29 
0.25 
0.23 
0.20 
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(iii) the inhibition efficiency decreases with increase in immersion time from 
24 to 96 hr. 
(iv) with increase in concentration of formic acid and acetic acid the 
inhibition efficiency initially increases and attains a maximum value at 
20% concentration of acid and decreases on further increase in the acid 
concentration to 30%. 
The inhibition of corrosion of mild steel in the acids by the alkyl 
substituted triazoles can be explained on the basis of adsorption. In acidic 
solutions, the triazoles investigated can exist as cationic species like azoles 
[44]. The cationic species are adsorbed on the cathodic sites of the mild steel, 
^ ^ e jihe adsorption of these compounds at anodic sites takes place through 
lone pair of electrons of N and S atoms and 7t-electrons of the triazole ring 
which reduces the anodic dissolution of mild steel. 
The values of activation energy (Ea) and free energy of adsorption 
(AGads) at different temperatures are given in Table - 3.2.3. It was found that Eg 
values was higher in the presence of inhibitor, indicating that these inhibitors 
are more effective at room temperature and less effective at higher temperature 
[17]. The low and negative values of AGads suggest spontaneous adsorption of 
inhibitors on the mild steel surface [18]. 
3.2.1.1 ADSORPTION ISOTHERM STUDIES 
The surface coverage values (G) were evaluated using corrosion rate 
values obtained from weight loss method. 9 values for different concentration 
of inhibitors were tested graphically by fitting to various isotherms. A plot of 
log (0/1-6) against log C for different concentrations shows a straight line 
indicating the adsorption from both acids follows the Langmuir adsorption 
isotherm (Figure 3.2.3). 
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Table 3.2.3 Activation energy (Ea) and free energy of adsorption (AGads) for 
mild steel in 20% formic acid and 20% acetic acid in the absence 
and presence of various inhibitors. 
System 
20% Formic acid 
AMMT 
AEMT 
APMT 
ABMT 
20% Acetic acid 
AMMT 
AEMT 
APMT 
ABMT 
E, 
(K. Cal/mol) 
12.05 
19.35 
16.03 
18.44 
16.31 
6.34 
7.42 
6.34 
8.64 
10.29 
AGads 
(K. Cal/moH 
30''C 
--
7.76 
7.88 
8.12 
8.41 
— 
7.20 
7.49 
7.56 
8.06 
40"C 
--
7.62 
7.88 
7.49 
8.45 
--
7.41 
7.63 
7.69 
8.10 
50"C 
--
7.82 
8.12 
8.20 
8.66 
--
7.59 
7.73 
7.89 
8.33 
3.2.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel in 20% formic 
acid and 20% acetic acid in the absence and presence of different inhibitors at 
500 ppm concentration at 26+2°C are shown in Figure 3.2.4. Electrochemical 
parameters such as corrosion current density (Icon), Corrosion potential (Ecorr) 
and inhibition efficiency (I.E.) a j^ calculated from Tafel plots are given in 
Table - 3.2.4. It is observed that Icorr values decreases significantly in the 
presence of inhibitors. Maximum decrease in Icon- was observed at 500 ppm 
concentration for each of these compounds. Maximum decrease in Icorr 
was observed for ABMT among the alkyl substituted triazoles. All the 
triazoles do not show any significant change in Eeorr values suggesting that all 
these compounds are mixed type inhibitors. 
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Figure 3.2.3 Langmuir adsorption isotherm plots for the adsorption of various 
inhibitors in (a) 20% formic acid and (b) 20% acetic acid on the 
surface of mild steel. 
1. AMMT, 2. AEMT, 3. APMT, 4. ABMT 
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Table 3.2.4 Electrochemical polarization parameters for the corrosion of 
mild steel in 20% formic acid and 20% acetic acid containing 
500 ppm concentration of various inhibitors at 26+2°C. 
System 
20% Formic acid 
AMMT 
AEMT 
APMT 
ABMT 
20% Acetic acid 
AMMT 
AEMT 
APMT 
ABMT 
E-corr 
(mV vs SCE) 
-497 
-500 
-508 
-490 
-495 
-496 
-490 
-484 
-484 
-478 
Icorr 
(mA. cm'^ ) 
0.25 
0.061 
0.034 
0.025 
0.013 
0.14 
0.041 
0.032 
0.025 
0.019 
IE (%) 
- -
75.6 
86.4 
90.0 
94.8 
— 
70.7 
77.1 
82.1 
86.4 
3.2.3 ELECTROCHEMICAL IMPEDANCE STUDIES 
Impedance diagrams obtained for the frequency range 5Hz -100 KHz at the 
open circuit potential (OCP) for mild steel in 20% formic acid in the presence and 
absence of different concentratiorrof ABMT at 22+rC are shown in Figure 3.2.5. 
Impedance parameters such as Rj and % I.E. derived from Nyquist plots and Cdi 
values derived from Bode plots are given in Table - 3.2.5. It is obvious from the 
results that R( values increases and Cai values decreases with the increase in 
concentration of ABMT. These observations indicate that the corrosion of mild steel 
in 20% formic acid is mainly controlled by charge transfer process and the 
inhibition of corrosion occurs by adsorption mechanism [22]. 
Table 3.2.5 Electrochemical impedance parameters for mild steel in 20% 
formic acid containing different concentration^ of ABMT at 
22+l°C. 
Cone. 
(ppm) 
20% formic acid 
ABMT 
100 
500 
Ri 
(Ohm cm )^ 
15.56 
44.25 
93.10 
Cdi 
(Hfcm* )^ 
1513.57 
316.23 
158.49 
I.E. 
(%) 
-
64.23 
82.89 
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Figure 3.2.4 Potentiodynamic polarization curves for mild steel in (a) 20% 
formic acid and (b) 20% acetic acid in the absence and presence 
of various inhibitors at 500 ppm concentration 
1. AMMT, 2. AEMT, 3. APMT, 4. ABMT 
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Figure 3.2.5 Impedance plots for mild steel in 20% formic acid 
(a) Nyquist plot (1. Blank; 2. 100 ppm ABMT; 3. 500 ppm 
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3.2.4 CONCLUSIONS 
1. All investigated alkyl substituted triazoles behaved as good corrosion 
inhibitors in 20% formic acid and 20% acetic acid. 
2. The adsorption of all the compounds on the mild steel surface from the 
acidic solution obeyed Langmuir isotherm. 
3. All of the compounds behaved as mixed type inhibitors. 
4. Addition of increasing concentration of ABMT decreases Cdi values and 
increases R, and %I.E. values. 
>r\y n< nt*Jv j r i l - i ' ^m 
m mm mmmmm 
uj. . . 
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A perusal of literature [45-46] reveals the fact that most of the effective 
commercial inhibitor formulations include aldehydes and amines as their 
essential ingredients. Turbina et al [47] observed that condensation products of 
carbonyJs and amines which are known as anih or schifFs bases give higher 
inhibition efficiency than that of the constituent carbonyls and anils. Desai et al 
[48] have studied a few schifPs bases as inhibitors for the corrosion of mild 
steel in hydrochloric acid. They found that the inhibition efficienc)\of the 
investigated schifPs bases is much greater than ibwt of corresponding amines 
and aldehydes. Recently in our laboratory a few anils have been synthesized by 
condensing a few substituted aminotriazoles and salicylaldehyde and all the 
anils were found to be very effective acid corrosion inhibitors for mild steel 
[49]. The inhibition efficiency for all the compounds was found to be greater 
than that for the corresponding amines and salicylaldehyde. 
In the present investigation, the influence of a few condensation 
products synthesized in the laboratory has been studied as inhibitors for the 
corrosion of mild steel in 20% formic acid and 20% acetic acid. The names, 
molecular structures and other details of condensation products are given in the 
Tables-3.3.1-3.3.3. 
3.3.1 WEIGHT LOSS STUDIES 
The values of percentage inhibition efficiency and corrosion rate 
obtained from weight loss method for mild steel in 20% formic acid and 20% 
acetic acid in the absence and presence of different condensation products at 
different concentrations at 30°C are summarized in Tables - 3.3.4 - 3.3.6 
respectively . It is seen that inhibition efficiency for all the compounds 
increases with increase in concentration. %.' 
A 
The influence of inhibitor concentration, solution temperature, 
immersion time and acid concentration on inhibition efficiency of condensation 
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Table 3.3.1 Name and structures of the compounds sudied 
S.No. Structure Designation and Abbreviation 
N N 
1. H a N H N ^ ^ N ^ ^ S H 
N = C H - / Q \ — N 
/CH3 
~ CH3 
4 -(N,N - dimetiiylamino) ben2ylidene 
imino - 3 - hydrazine - 5 - mercapto 
-1,2,4-triazole (DIHMT) 
N N 
11 U OCH, 
2. HzNHN^'^N'^SH 
A=c„^0 
4 - vanilidene imino - 3 - hydrazine 
- 5 - mercapto -1,2,4 - triazole 
(VmMT) 
H 
N N A A " 
3. HzNHN-^N-^SH I 
N=CH—CH=CH 
^ 
4 - cinnamylidene imino - 3 - hydrazine 
- 5-mercapto -1,2,4-triazele 
(CIHMT) 
N N 
A A 
4. H a N H N ^ ^ N ' ^ S H 
i = C H ^ 
4 - benzylidene imino - 3 - hydrazine 
- 5 - nmercapto - 1,2,4-triazole 
(BIHMT) 
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Table 3.3.2 Name and structures of the compounds studied 
S.No. Stiiicture Designation and Abbreviation 
N N 
jl jl 4 - (N, N- dimethylamino) benzylidene 
5. CsHy'^'^N ^ ^ S H imino- 3 - propyl - 5 - mercapto 
LcH-/ny^ ^ " ' • ^'2.4-tnazole (DIPMT) 
v = : v CH3 
N N 
Ji^ Ji^ 4 - benzylidene imino- 3 - propyl 
C3H7 N SH ^__^ - 5-mercapto-1,2,4-triazole 
(BIPMT) N=CH 
N N 
Jl Jl 4 - salicylideneimino- 3 - propy;l 
7. C a H y ^ ^ N - ^ S H - 5-mercapto -1,2,4-triazole 
u«^ (SIPMT) 
HO' 
N N 
8 ^ ^ / \ ^" cinnamylideneimino- 3 - propyl 
C3H7 N SH -5-merc^to-l,2,4-triazole 
N=CH—CH=CH-
(CIPMT) 
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Table 3.3.3 Name and structures of the compounds studied 
S.No. Structure Designation and Abbreviation 
9. 
H,C 
—N 2- (N,N- dimethylamino) 
/^ H3 benzylidene-4-(4-methyl phenyl) 
~ N ^ -1,3-thiazole 
^H3 (BIMPT) 
10. 
H,C 
11 ^ 
- - < Q 
2- benzylidene imino-4-
(4-methyl phenyl)-1,3-thiazole 
(BIMPT) 
11. 
HjC^ 
a 
T N 2-salicylidene imino-4-
(4-methyl phenyl)-1,3-thiazole 
(SIMPT) 
12. 
HjC 
o 
T N 
• A 
^ S ^ ^ N - CH CHr-CH o 2- cinnamylidene imino-4-(4-methyl phenyl)-!. 3-thia2ole (CIMPT) 
no 
Table 3.3.4 Corrosion parameter for mild steel in 20% formic acid and 20% 
acetic acid in absence and presence of different concentrations 
of various inhibitors from weight loss measurements at room 
temperature. 
Cone, 
(ppm) 
Blank 
DIHMT 
50 
100 
200 
300 
400 
500 
VIHMT 
50 
100 
200 
300 
400 
500 
CIHMT 
50 
100 
200 
300 
400 
500 
BIHMT 
50 
100 
200 
300 
400 
500 
20% Formic acid 
Weight 
loss 
(mg) 
311.06 
30.1 
24.1 
18.0 
16.7 
13.2 
10.1 
26.3 
18.1 
14.1 . 
10.3 
9.3 
8.9 
18.7 
14.1 
10.3 
8.9 
6.2 
5.7 
14.1 
10.3 
6.8 
5.5 
3.5 
3.0 
I.E. 
(%) 
-
90.3 
92.2 
94.2 
94.6 
95.8 
96.7 
91.6 
94.3 
95.5 
96.7 
97.0 
97.2 
94.0 
95.5 
96.7 
97.2 
98.0 
98.2 
95.5 
96.7 
97.8 
98.3 
98.9 
99.0 
C.R. 
(mmpy) 
14.45 
1.40 
1.12 
0.84 
0.78 
0.61 
0.47 
1.22 
0.83 
0.65 
0.48 
0.43 
0.41 
0.87 
0.65 
0.48 
0.41 
0.29 
0.26 
0.65 
0.48 
0.32 
0.36 
0.26 
0.14 
20% Acetic . 
Weight 
loss 
(mg) 
151.87 
20.1 
17.2 
15.2 
13.9 
12.9 
12.5 
15.9 
13.2 
12.1 
10.9 
9.8 
9.1 
13.2 
12.5 
11.5 
10.4 
9.2 
8.9 
12.0 
9.3 
8.9 
7.2 
6.1 
5.8 
I.E. (%) 
-
86.8 
88.6 
89.9 
90.8 
91.5 
91.8 
89.5 
91.3 
92.1 
92.8 
93.5 
94.0 
91.3 
91.8 
92.5 
93.2 
93.9 
94.2 
92.1 
93.9 
94.2 
95.3 
96.0 
96.2 
icid 
C.R. 
(mmpy) 
7.05 
0.93 
0.80 
0.71 
0.65 
0.60 
0.58 
0.74 
0.61 
0.56 
0.51 
0.46 
0.42 
0.61 
0.58 
0.53 
0.48 
0.43 
0.41 
0.56 
0.43 
0.41 
0.33 
0.28 
0.27 
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Table 3.3.5 Corrosion parameter for mild steel in 20% formic acid and 20% 
acetic acid in absence and presence of different concentrations of 
various inhibitors from weight loss measurements at room 
temperature. 
Cone, 
(ppm) 
Blank 
DIPMT 
50 
100 
150 
200 
250 
300 
BIPMT 
50 
100 
150 
200 
250 
300 
SIPMT 
50 
100 
150 
200 
300 
500 
CIPMT 
50 
100 
150 
200 
250 
300 
20% Formic acid 
Weight 
loss 
(mg) 
311.06 
18.1 
15.6 
11.5 
9.9 
7.5 
7.2 
12.4 
9.6 
7.2 
6.4 
6.1 
5.6 
8.9 
7.9 
6.4 
5.6 
5.0 
3.4 
7.2 
6.1 
4.7 
3.7 
2.5 
2.2 
I.E. 
(%) 
-
94.2 
95.0 
96.3 
96.8 
97.6 
97.7 
96.0 
96.9 
97.7 
97.9 
98.1 
98.2 
97.2 
97.4 
97.9 
98.2 
98.4 
98.9 
97.7 
98.1 
98.5 
98.8 
99.2 
99.3 
C.R. 
(mmpy) 
14.45 
0.80 
0.72 
0.53 
0.46 
0.35 
0.33 
0.58 
0.45 
0.33 
0.30 
0.28 
0.26 
0.41 
0.37 
0.30 
0.26 
0.23 
0.16 
0.33 
0.28 
0.22 
0.17 
0.12 
0.10 
20% Acetic < 
Weight 
loss 
(mg) 
151.87 
15.60 
13.90 
11.79 
10.91 
9.10 
8.80 
12.12 
8.91 
7.01 
6.32 
5.93 
5.51 
7.90 
6.59 
5.70 
5.32 
4.79 
3.12 
6.91 
5.92 
4.13 
3.21 
2.09 
2.00 
I.E. 
(%) 
-
89.8 
90.8 
92.2 
92.8 
94.0 
94.2 
92.1 
94.2 
95.3 
95.9 
96.0 
96.3 
94.7 
95.6 
96.3 
96.4 
96.9 
98.0 
95.5 
96.2 
97.3 
97.9 
98.6 
98.7 
icid 
C.R. 
(mmpy) 
7.05 
0.72 
0.65 
0.55 
0.51 
0.42 
0.41 
0.56 
0.41 
0.33 
0.29 
0,28 
0.26 
0.37 
0.31 
0.26 
0.25 
0.22 
0.14 
0.32 
0.27 
0.19 
0.15 
0.10 
0.09 
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Table 3.3.6 Corrosion parameter for mild steel in 20% formic acid and 20% 
acetic acid in absence and presence of different concentrations of 
various inhibitors from weight loss measurements at room 
temperature. 
Cone. 
(ppm) 
Blank 
DIMPT 
50 
100 
150 
200 
250 
300 
BIMPT 
50 
100 
150 
200 
250 
300 
SIMPT 
50 
100 
150 
200 
250 
300 
CIMPT 
50 
100 
150 
200 
250 
300 
20% Formic acid 
Weight 
loss 
(mg) 
311.06 
17.2 
14.9 
10.5 
9.7 
6.9 
6.6 
11.9 
9.6 
7.0 
6.6 
5.9 
5.7 
8.3 
8.0 
6.5 
5.3 
4.9 
3.2 
6.9 
6.0 
5.1 
3.5 
3.0 
2.1 
I.E. 
(%) 
-
94.5 
95.2 
96.6 
96.9 
97.8 
97.8 
96.2 
96.9 
97.7 
97.8 
98.1 
98.2 
97.3 
97.4 
97.9 
98.3 
98.4 
99.0 
97.8 
98.1 
98.1 
98.9 
99.0 
99.3 
C.R. 
(mmpy) 
14.45 
0.80 
0.69 
0.49 
0.45 
0.32 
0.31 
0.55 
0.45 
0.33 
0.31 
0.27 
0.26 
0.39 
0.37 
0.30 
0.25 
0.23 
0.15 
0.32 
0.28 
0.24 
0.16 
0.14 
0.10 
20% Acetic acid 
Weight 
loss 
(mg) 
151.87 
9.1 
7.9 
7.5 
6.9 
5.8 
5.5 
7.9 
7.2 
6.2 
5.7 
5.2 . 
4.9 
7.2 
6.1 
5.5 
4.9 
4.0 
3.8 
5.2 
4.9 
4.7 
3.2 
2.8 
2.0 
I.E. 
(%) 
-
94.0 
94.7 
95.0 
95.5 
96.2 
96.3 
94.7 
95.3 
95.9 
96.3 
96.6 
96.7 
95.3 
96.0 
96.3 
96.7 
97.3 
97.4 
96.6 
96.7 
96.9 
97.9 
98.2 
98.7 
C.R. 
(mmpy) 
7.05 
0.42 
0.37 
0.35 
0.32 
0.27 
0.26 
0.37 
0.33 
0.29 
0.26 
0.24 
0.23 
0,33 
0.28 
0.26 
0.23 
0.19 
0.18 
0.24 
0.23 
0.22 
0.15 
0.13 
0.09 
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products, has been shown in Figures 3.3.1 - 3.3.6 respectively. It is seen that: 
(i) the inhibition efficiencx^of all the condensation products increase^ with ^ 
the increase in concentration of inhibitors in 20% formic acid and 20% 
acetic acid. 
(ii) the inhibition efficiency of all the condensation products decrease^ with 
increase in temperature from 30 to 50°C. This phenomenon may be 
attributed to the desorption of inhibitor molecules from the metal surface 
at higher temperatures. 
V 
(iii) the inhibition efficiencjj^ ^ of all investigated condensation products 
decrease^ with immersion time from 24 to 96 hours. 
(iv) the inhibition efficiency of all the tested condensation products increasej^ 
with increase in concentration of acids and attains a maximum value at 
20% concentration of acid and decrease^ on further increase in the acid 
concentration to 30%. 
The corrosion inhibiting properties of the investigated condensation 
products can be explained as follows : 
(i) Interaction of 7i-electrons of the triazoles and thiazoles with the 
metal. 
(ii) Interaction of lone pair of electrons of hetero atoms (i.e. N and S) 
with the metal surface. 
In the present study condensation products of thiazoles have been found 
to exhibit superior corrosion inhibiting properties than the condensation 
products of triazoles. This may be attributed to the presence of both N and S 
atoms in the same ring and the presence of an extra benzene ring in the 
condensation products of thiazoles. The order of inhibition efficiency for 
condensation products has been found as follows : 
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Figure 3.3.1 Variation of inhibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% formic acid 
1. DIHMT, 2.VIHMT,3.CIHMT, 4. BIHMT 
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Figure 3.3.2 Variation of inhibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% acetic acid 
1. DIHMT, 2. VIHMT, 3. CIHMT, 4. BIHMT 
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Figure 3.3.3 Variation of inhibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% formic acid 
1. DIPMT, 2. BIPMT, 3. SIPMT, 4. CIPMT 
117 
100 
hi 
100 
100 200 300 
Concentration (ppm) 
LU 
Temperature ( C ) 
100 
UJ 
100 
24 48 72 
Time(h) 
96 
111 
10 20 30 
Acid Concentration (Vo) 
Figure 3.3.4 Variation of inhibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% acetic acid 
1. DIPMT, 2. BIPMT, 3. SIPMT, 4. CIPMT 
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Figure 3.3.5 Variation of inliibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% formic acid 
1. DIMPT, 2. B1MPT,3.S1MPT, 4. CIMPT 
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Figure 3.3.6 Variation of inhibition efficiency with (a) inhibitor concentration 
(b) solution temperature (c) immersion time (d) acid 
concentration in 20% acetic acid 
1 DIMPT, 2 BIMPT, 3 SIMPT, 4 CIMPT 
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BIHMT > CIHMT > VIHMT > DIHMT 
CIPMT > SIPMT > BIPMT > DIPMT 
CIMPT > SIMPT > BIMPT > DIMPT 
The values of activation energy (Ea) and free energy of adsorption 
(AGads) at different temperatures are given in Tables - 3 3 7 - 3 3 9 It was 
found that Ea values for inhibited system are higher than the uninhibited ones, 
except for DIHMT, VIHMT, CIHMT and BIHMT in 20% acetic acid, 
indicating that all inhibitors except DIHMT, VIHMT, CIHMT and BIHMT are 
more effective at room temperature [17] The low and negative values of AGads 
also suggest the strong interaction of the inhibitor molecules on the mild steel 
[18] 
Table 3.3.7 Activation energy (E,) and free energy of adsorption (AGads) for 
mild steel in 20% formic acid and 20% acetic acid in the absence 
and presence of various inhibitors 
System 
20% Formic acid 
DIHMT 
VIHMT 
CIHMT 
BIHMT 
20% Acetic acid 
DIHMT 
VIHMT 
CIHMT 
BIHMT 
Ea 
(K Cal/mol) 
12 05 
21 99 
17 36 
22 19 
23 80 
6 34 
4 74 
6 12 
5 66 
9 97 
AGads 
(K Cal/mol) 
30"C 
--
8 27 
8 36 
8 60 
9 36 
--
7 68 
7 90 
7 86 
8 08 
40"C 
--
7 87 
8 30 
8 32 
9 37 
--
8 13 
8 24 
8 18 
8 45 
50"C 
--
8 10 
8 54 
8 89 
8 72 
--
8 31 
8 42 
8 44 
8 50 
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Table 3.3.8 Activation energy (Ea) and free energy of adsorption (AGads) for 
mild steel in 20% formic acid and 20% acetic acid in the absence 
and presence of various inhibitors 
System 
20% Formic acid 
DIPMT 
BIPMT 
SIPMT 
CIPMT 
20% Acetic acid 
DIPMT 
BIPMT 
SIPMT 
CIPMT 
Ea 
(K Cal/mol) 
12 05 
14 48 
17 58 
18 17 
21 37 
6 11 
7 54 
6 83 
14 11 
10 87 
AGads 
(K Cal/mol) 
30"C 
--
8 87 
8 88 
9 20 
9 52 
--
8 24 
8 45 
8 82 
9 14 
40'*C 
--
9 22 
9 55 
9 61 
9 67 
--
8 55 
8 75 
9 14 
9 44 
50*'C 
--
9 31 
9 07 
9 43 
9 52 
--
8 71 
8 97 
8 94 
9 43 
Table 3.3.9 Activation energy (Ea) and free energy of adsorption (AGads) for 
mild steel in 20% formic acid and 20%) acetic acid in the absence 
and presence of various inhibitors 
System 
20% Formic acid 
DIMPT 
BIMPT 
SIMPT 
CIMPT 
20% Acetic acid 
DIMPT 
BIMPT 
SIMPT 
CIMPT 
Ea 
(K Cal/mol) 
12 05 
17 73 
17 85 
20 80 
25 93 
6 33 
7 48 
9 55 
9 74 
7 76 
AGads 
(K Cal/mol) 
30'^C 
--
8 94 
8 94 
7 94 
9 60 
--
8 61 
8 59 
8 78 
9 20 
40"C 
--
9 13 
9 04 
9 16 
9 69 
--
8 83 
8 78 
8 91 
9 41 
50''C 
--
9 14 
9 15 
9 34 
9 31 
--
9 08 
8 94 
9 12 
9 73 
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3.3.1.1 ADSORPTION ISOTHERM STUDIES 
The values of surface coverage (0) for different concentration^ of 
inhibitors were evaluated from weight loss method. A plot of log (0/1-9) vs. 
logC was linear (Figures 3.3.7 - 3.3.9) suggesting that the adsorption of the 
compounds on the mild steel surface follows Langmuir adsorption isotherm. 
3.3.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel in 20% formic 
acid and 20% acetic acid in the presence and absence of different condensation 
products at optimum concentration ^ 26+2°C are shown in Figures 3.3.10 -
/^  
3.3.12 and various corrosion parameters such as Ecorr, Icorr and % I.E. obtained 
from these curves are given the Tables - 3.3.10 - 3.3.12. It is observed that Icon-
values decrease significantly in the presence of inhibitors. Maximum decrease^ 
in Icorr was observed in case of CIMPT among the condensation products. 
Ecorr values do not show any significant change in presence of these 
compounds, suggesting that these compounds are mixed type inhibitors. 
All the investigated condensation products exhibit better performance in 
formic acid than in acetic acid. 
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Figure 3.3.7 Langmuir adsorption isotherm plots for the adsorption of various 
inhibitors in (a) 20% formic acid and (b) 20% acetic acid on the 
surface of mild steel. 
1. DIHMT, 2. VIHMT, 3. CIHMT, 4. BIHMT 
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Figure 3.3.8 Langmuir adsorption isotherm plots for the adsorption of various 
inhibitors in (a) 20% formic acid and (b) 20% acetic acid on the 
surface of mild steel. 
1. DIPMT, 2. BIPMT, 3. SIPMT, 4. CIPMT 
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Figure 3.3.9 Langmuir adsorption isotherm plots for the adsorption of various 
inhibitors in (a) 20% formic acid and (b) 20% acetic acid on the 
surface of mild steel, 
1. DIMPT, 2. BIMPT, 3. SIMPT, 4. CIMPT 
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Table 3.3.10 Electrochemical polarization parameters for the corrosion of 
mild steel in 20% formic acid and 20% acetic acid containing 
500 ppm concentration of various inhibitors at 26+2°C. 
System 
20% Formic acid 
DIHMT 
VIHMT 
CIHMT 
BIHMT 
20% Acetic acid 
DIHMT 
VIHMT 
CIHMT 
BIHMT 
i i cor i 
(mV vs SCE) 
-497 
-505 
-497 
-491 
-483 
-496 
-480 
-495 
-493 
-493 
i co r r 
(mA. cm-^) 
0.25 
0.10 
0.03 
0.009 
0.004 
0.14 
0.069 
0.046 
0.035 
0.030 
I.E. 
(%) 
--
60.0 
88.0 
96.0 
98.4 
--
50.7 
67.1 
75.0 
78.6 
Table 3.3.11 Electrochemical polarization parameters for the corrosion of 
mild steel in 20% formic acid and 20% acetic acid containing 
300 ppm concentration of various inhibitors at 26+2°C. 
System 
20% Formic acid 
DIPMT 
BIPMT 
SIPMT 
CIPMT 
20% Acetic acid 
DIPMT 
BIPMT 
SIPMT 
CIPMT 
p 
^^coi r 
(mV vs SCE) 
-497 
-495 
-490 
-485 
-485 
-496 
-490 
-490 
-492 
-486 
t coi I 
(mA. cm'^) 
0.25 
0.015 
0.006 
0.005 
0.005 
0.14 
0.06 
0.035 
0.030 
0.027 
I.E. 
(%) 
94.0 
97.6 
98.0 
98.8 
--
57.1 
75.0 
78.6 
80.7 
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Table 3.3.12 Electrochemical polarization parameters for the corrosion of 
mild steel in 20% formic acid and 20% acetic acid containing 
300 ppm concentration of various inhibitors at 26+2°C. 
System 
2 0 % Formic acid 
DIMPT 
BIMPT 
SIMPT 
C I M P T 
2 0 % Acetic acid 
DIMPT 
BIMPT 
SIMPT 
C I M P T 
*icorr 
(mV vs SCE) 
-497 
-500 
-490 
-496 
-484 
-496 
-504 
-498 
-494 
-482 
Acorr 
(mA. cm") 
0.25 
0.014 
0.005 
0.005 
0.0026 
0.14 
0.035 
0.026 
0.019 
0.018 
I.E. 
(%) 
" 
94.4 
98.0 
98.0 
98.9 
--
75.0 
81.4 
86.4 
87.1 
3.3.3 ELECTROCHEMICAL IMPEDANCE STUDIES 
Nyquist plots obtained for the frequency of 5Hz - 100 KHz at the open 
circuit potential (OCP) for mild steel in 20% formic acid in the presence and 
absence of CIPMT and CIMPT at 22±1°C are shown in Figures^3.3.13 and 
3.3.14 respectively. 
It is seen that Nyquist plots obtained are not perfect semicircles and this 
difference may attributed to frequency dispersion [19]. The charge transfer 
resistance (Rt) has been calculated using Nyquist plots from the difference in 
the impedance at low and high frequencies [20]. Double layer capacitance (Cdi) 
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Figure 3.3.10 Potentiodynamic polarization curves for mild steel in (a) 20% 
formic acid and (b) 20% acetic acid in the absence and presence 
of various inhibitors at 500 ppm concentration 
1. DIHMT, 2. VIHMT, 3. CIHMT, 4. BIHMT 
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Figure 3.3.11 Potentiodynamic polarization curves for mild steel in (a) 20% 
formic acid and (b) 20% acetic acid in the absence and presence 
of various inhibitors at 300 ppm concentration 
1. DIPMT, 2. BIPMT, 3. SIPMT, 4. CIPMT 
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Figure 3.3.12 Potentiodynamic polarization curves for mild steel in (a) 20% 
formic acid and (b) 20% acetic acid in the absence and presence 
of various inhibitors at 300 ppm concentration 
1. DIMPT, 2. BIMPT, 3. SIMPT, 4. CIMPT 
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values were calculated using Bode plots [21]. It is seen that the addition of 
increasing concentrations of CIPMT and CIMPT increases Rt values and 
decreases Cdi values in 20% formic acid. These observations indicate that the 
corrosion of mild steel in 20% formic acid is mainly controlled by charge 
transfer process and the inhibition of corrosion occurs by adsorption 
mechanism. 
Table 3.3.13 Electrochemical impedance parameters for mild steel in 20% 
formic acid containing different concentratiorr" of CIPMT at 
22+l°C. 
Cone. 
(ppm) 
20% formic acid 
CIPMT 
100 
300 
Rt 
(Ohm cm^) 
15.56 
127.52 
181.80 
Cdi 
(Hfcm-^) 
1513.57 
104.71 
63.09 
I.E. 
(%) 
-
87.97 
92.22 
Table 3.3.14 Electrochemical impedance parameters for mild steel in 20%) 
formic acid containing different concentration" of CIMPT at 
22+l°C. 
Cone. 
(ppm) 
20% formic acid 
CIMPT 
100 
300 
Rt 
(Ohm cm^) 
15.56 
192.51 
240.00 
Cdi 
(^ifcm•^) 
1513.57 
79.43 
25.12 
I.E. 
(%) 
-
91.75 
93.78 
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Figure 3.3.13 Impedance plots for mild steel in 20% formic acid 
(a)Nyquistplot(l. Blank; 2. 100 ppm CIPMT; 3. 300 ppm 
CIPMT) 
(b) Bode plot (1. Blank; 2. 100 ppm CIPMT; 3. 300 
ppmCIPMT) 
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Figure 3.3.14 Impedance plots for mild steel in 20% formic acid 
(a) Nyquist plot(l. Blank; 2. 100 ppm CIMPT; 3. 300 ppm 
CIMPT) 
(b) Bode plot (1. Blank; 2. 100 ppm CIMPT; 3. 300 ppm 
CIMPT) 
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3.3.4 CONCLUSIONS 
1. All condensation products behave as excellent corrosion inhibitors in 
both formic as well as acetic acid media. 
2. The condensation products of thiazoles act as better corrosion inhibitor,^  
than condensation products of triazoles. 
3. All the inhibitors examined act as mixed type inhibitors in both formic 
as well as acetic acid media. 
4. All of the tested compounds inhibit corrosion of mild steel in acidic 
solutions by adsorption mechanism and the adsorption of these 
compounds on the metal surface obeys Langmuir adsorption isotherm. 
5. Addition of increasing concentration of CIPMT and CIMPT decreases 
Cdi values and increases Rt and %I.E. values. 
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Corrosion is a major problem in several industries. It has been increasing 
day by day. Both direct and indirect losses due to corrosion are large and will 
further increase with industrialization. It causes enormous losses all over the 
world. In India, the monetary losses due to corrosion have been estimated as 
high as Rs. 25,000 crores per year. 
The most important considerations in any industry today is the reduction in 
overall costs of the equipments as well as the cost in their production and 
maintenance. Among the available methods of preventing corrosion, the use of 
inhibitors is one of the most promising methods. Due to ease of application and 
cost effectiveness it has attracted a great deal of attention of corrosion scientists 
and engineers all over the world. Each inhibitor must be designed to the 
specific corrosion problem that needs solutions. 
Mild steel is one of the most important engineering metaC which due to its 
low cost and excellent mechanical properties ajxKs widely used in fabrication 
of reaction vessel, storage tanks etc. by industries. The mild steel is severely 
attacked in acid solutions. Mineral acids and organic acids are used in several 
ways as reactants, industrial acid cleaning and ^h€ many other industrial / 
chemical process. 
The research work described in the thesis deals with the study of gemini 
surfactants in IN HCl and IN H2SO4,^mf ^ome nitrogen and sulphur 
contammg heterocyclic compounds in 20% formic acid and 20% acetic acid as 
corrosion inhibitors for mild steel. The techniques such as weight loss, 
potentiodynamic polarization and electrochemical impedance spectroscopy 
have been used in these studies on corrosion inhibition. 
The thesis comprises of three chapters. The first chapter presents a general 
introduction which highlights the economic and technological importance of 
corrosion. Theories of corrosion have also been described, which help in 
understanding the mechanism of the corrosion. Special attention has been 
given to explain the mode of action of inhibitors towards corrosion control. The 
accounts of various techniques used for investigating corrosion inhibitors have 
been discussed briefly. A survey of literature on corrosion inhibitors for mild 
steel in acid solutions has been given. The aims and objectives have also been 
mentioned. The description of inhibitor synthesis and details of experimental 
techniques such as weight loss, potentiodynamic polarization and 
electrochemical impedance spectroscopy used ia-tho3c techniques arc givcn-4n 
jjaapter segond^ 
The third chapter describes the discussion of results obtained during these 
studies. The compounds of which inhibitive action has been studied are given 
in table. The inhibiting action has been discussed separately in the following 
sections: 
(i) Gemini surfactants as acid corrosion inhibitors 
(ii) Alkyl substituted triazoles as acid corrosion inhibitors 
(iii) Condensation products as acid corrosion inhibitors 
The results of these investigations revealed the fact that all of gemini 
surfactants except BEAB inhibit the mild steel corrosion in acid solutions. The 
maximum inhibition efficiency is achieved at 250 ppm in IN HCl and 500 ppm 
inlNH2SO4at30''C. 
Among the studied gemini surfactants, the HDEAB showed better 
inhibition efficiency. The higher inhi|)jtive performance of HDEAB may be 
attributed to long alkyl chain than other gemini surfactants. The order of 
inhibition efficiency of gemini surfactants in HCl and H2SO4 was found to be 
as follows: 
HDEAB > DDEAB > HEAB > BEAB 
Ill 
The order of inhibition efficiency of alkyl substituted triazoles in both 20% 
formic acid and 20% acetic acid solutions at a common concentration of 500 
ppm was found to as follows: 
ABMT > APMT > AEMT > AMMT 
The difference in inhibition efficiency of these compounds can be explained 
in terms of alkyl chain length. ABMT exhibited highest inhibition efficiency 
due to long alkyl chain. 
Among the condensation products investigated in the present study, CIMPT 
has been found to give the best performance as corrosion inhibitor. This can be 
explained on the basis of the presence of an additional -C=C- bond in 
conjugation with azomethine (-C=N-) group. The extensively deiocalised Ji-
eiectrons favour its greater adsorption on the metal surface thereby giving very 
high inhibition efTiciency (>99%) at a concentration as low as 300 ppm. 
The effect of inhibitor concentration, solution temperature and immersion 
time on inhibition efficiency of all the investigated compounds has also been 
studied. The following conclusions have been drawn: 
(i) Inhibition efficiency of all the compounds increases with increase in 
inhibitor concentration. 
(ii) The inhibition efficiency of alkyl substituted triazoles and 
condensation products decreases on increasing the temperature from 
30-50°C, whereas inhibition efficiency of gemini surfactants does 
not cause any significant change on increasing the temperature. 
(iii) The inhibition efficiency of all the compounds decreases on 
increasing the immersion time. 
IV 
(iv) Alkyl substituted triazoles and condensation products exhibit 
maximum inhibition efficiency in 20% formic acid and 20% acetic 
acid. The inhibition efficiency of gemini surfactants does not show 
any significant change on increasing the acid concentration from IN 
to3N. 
The Ea values for all the inhibited system except DIHMT, VIHMT, 
CIHMT and BIHMT in 20% acetic acid were found to be higher than the 
uninhibited system. The higher value of Ea in presence of inhibitors than the 
uninhibited systems showed that inhibitors are effective at lower 
temperatures and inhibition efficiency decreased with increase in 
temperature. 
The value of free energy of adsorption (AGads) for all the compounds at 
different temperatures were also calculated. The low and negative values of 
AGads indicated the spontaneous adsorption of inhibitors on the surface of 
mild steel. 
The adsorption behaviour of all the organic inhibitors on the mild steel 
surfaces was evaluated by fitting the various data obtained from weight loss 
study to various adsorption isotherms. All the inhibitors obeyed Langmuir 
adsorption isotherms. 
The potentiodynamic polarization studies were carried out at room 
temperature. The polarization behaviour of different series of compounds 
were found to be of mixed type inhibitors. 
Selected compounds were studied through ac impedance technique in 
IN HCl and 20% formic acid. The values of R,and Cdi were evaluated from 
Nyquist and Bode plots respectively. All the studied compounds showed 
increased R^  values and decreased Cji values in acid solution. 
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S.No. STRUCTURAL FORMULA DESIGNATION AND 
ABBREVIATION 
N N 
X A 
C3H7-^^N' ' ^SH 
NH2 
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(APMT) 
N N 
A A 
C4H9- '^N'^^SH 
I 
NH2 
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